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Abstract 
 
In this thesis, the author presents theoretical and experimental studies for understanding the 
fundamentals of nanostructured thin film based Schottky diodes when they were applied as hydrogen 
sensors. Metal and nanocrystalline semiconducting nanomaterials can provide a significantly higher 
surface to volume ratio as compared to bulk materials. Nanomaterials can also exist with sharp edged 
features in their surface morphology to induce enhanced localised electric fields. Both of these 
characteristics can therefore provide innovative sensors with considerably improved static and 
dynamic sensing performance. 
The configuration of the sensors studied herein were based on Pt / nanostructured semiconducting 
metal oxide / SiC using molybdenum oxide (MoO3) and zinc oxide (ZnO). The author deposited 
MoO3 nanostructured thin films on SiC substrates by a thermal evaporation technique. Four types of 
MoO3 morphologies (nanoplatelets, nanoplatelets-nanowires, randomly orientated nanoplatelets and 
nanoflowers) were examined. The author also deposited ZnO nanostructured films on SiC by 
evaporation-condensation, pulse laser deposition and radio frequency (RF) sputtering techniques. 
Three types of ZnO morphologies (nanoplatelets-nanowires, nanograins and nanorods) were obtained. 
These semiconducting metal oxides with different morphologies were investigated as gas sensing 
layers in Schottky diodes for hydrogen sensing applications. 
The static (sensitivity, stability) and dynamic performance of these diodes towards hydrogen gas were 
investigated. Their current-voltage (I-V) characteristics were measured and the change in barrier 
height and lateral voltage shift was examined under a constant current mode of operation. The 
developed, novel sensors were studied in both the forward and reverse biased conditions. The author 
identified that operation in reverse bias exhibited a larger voltage shift as compared to the forward 
bias operation. This observation was associated to the presence of enhanced localised electric fields 
that originate from the edges and corners of the nanostructured morphologies. These enhanced electric 
fields significantly lower the reverse Schottky barrier height and allow a greater flow of current.
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The author linked the enhanced electric field theory in literature, to the results obtained in order to 
investigate the electrical properties of metal oxides based on nanorod and nanoplatelet morphologies. 
By curve fitting the measured I-V data to modified reverse bias Schottky diode equations, and 
important parameters such as the enhancement factor can be obtained and used to describe the ratio of 
the localised electric fields to the applied field. 
In this research, the gas sensing performance of the MoO3 and ZnO nanostructured diodes were 
examined at elevated temperatures of up to 620°C. Amongst the diodes studied, the 
Pt / MoO3 nanoflowers / SiC sensors exhibited a large voltage shift of 3.09 V upon the exposure to 
1% hydrogen gas at 170°C using constant reverse bias current of 1 µA. The response time τ90% of 
these sensors were recorded as 258 secs. The Pt / MoO3 nanoplatelets / SiC based sensors also 
exhibited a strong output signal of 1.38 V towards hydrogen gas with 1% concentration at 170°C 
(under a bias current of −100 µA). However these sensors showed an exceptionally good dynamic 
performance with a response time of 33 secs. Schottky diodes based on Pt / ZnO nanoplatelets-
nanowires / SiC operated at 620°C exhibited a voltage shift of 0.32 V (under a −1 µA bias current) 
and a response time of 72 secs. 
In this thesis, novel nanostructured Schottky diode based hydrogen sensors were developed. In 
conclusion, Schottky diodes using nanostructured MoO3 and ZnO as the sensing layer are highly 
promising as the results indicate that they exhibit high sensitivity towards hydrogen gas over a range 
of temperatures, as well as dynamic performance and good short term stability. 
 Chapter 1 
Introduction 
In the first chapter, the motivation of this PhD thesis will be presented. The author will discuss why 
there is a need for hydrogen sensing and why nanotechnology enabled sensors are important to 
address this need. The use of nanostructured semiconducting metal oxides for the development of 
hydrogen sensors will also be discussed and explained in detail. Furthermore, the author will provide 
a brief overview of the research presented in this thesis. To complete this chapter, the organisation of 
the thesis will be presented. 
1.1 Motivation of Research 
Existing and emerging environmental issues in the early 21st century have been directly related to the 
anthropogenic effects on the natural environment. It is a widely spread scientific consensus that the 
awareness of environmental conservation has widened significantly and the widespread impact of 
environmental issues such as: climate change, pollution control and energy conservation are becoming 
increasingly important. As a result, these issues have prompted scientists to commit to create 'greener' 
technologies, which are innovative, more efficient, and environmentally friendly. In the pursuit of 
these technologies, numerous researchers have been attracted to the development of novel 
nanosensors, which benefits a wide range of applications both industrially and commercially. 
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According to the 'Microsensors: MEMs, Biosensors and Nanosensors' technical market research 
report from BCC Research (IAS027A) released in 2007 [1], the global nanosensors market is 
projected to increase significantly in commercial sales with an approximate value of $159.9 million 
by 2013. The focus on nanosensor research and its aim to develop efficient and functional 
technologies are now rapidly growing. It is projected that research this field will continue to expand 
over the coming years as it offers prospects to satisfy applications in many industries. The aim of this 
PhD thesis is to delve into such investigations. 
1.2  Hydrogen Gas  
The rising issues of global warming, environmental protection, defence and security have prompted a 
need for many different gas and vapour nanosensors [2]. Many of these issues incorporate hydrogen 
as it is a core element in numerous industrial and domestic applications as presented in Table 1.1 [3]. 
Table 1.1 Current applications of hydrogen gas sensors. 
Industry Application for hydrogen sensors Ref 
Automotive Hydrogen combustible gas leaks in fuel cell cars  [4] 
Energy Hydrogen fuel cells, hydrogen storage [5-7] 
Environment Pollution monitoring of industrial emissions in refining process [7-9] 
Homeland security and 
defence 
Explosives sensing, sensing of chemical and biological materials 
and weapons [10] 
Space flight Sensing of hydrogen gas leakage in storage tanks [11, 12] 
 
Hydrogen is now regarded as one of the most valuable and heavily invested gas species. Technologies 
for converting hydrogen to energy, particularly in fuel cells, hydrogen internal-combustion engines 
and turbines, account for the bulk of the total hydrogen related energy market, which was valued at 
approximately $1.1 billion (56.9% of the total market) in 2009, increasing to $3.7 billion (69%) in 
2015 [13, 14]. These figures proves a strong need of hydrogen gas sensors and will continue with 
significant demand in the near future. In fuel cells, hydrogen molecules are catalytically dissociated 
by an electrode into charged ions, which flow through the electrolyte and are allowed to combine with 
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oxygen. Electrons that are released from the charged ions in the electrode are collected and used to 
produce a current. Water is the only by-product released from this process [15-20].  
Despite the advantages and benefits hydrogen provides as a clean, renewable energy source, hydrogen 
itself however, can spontaneously ignite (with oxygen in air) at a low explosive limit (LEL) of 4% 
concentration and an upper explosive limit (UEL) of 75% (in air), making it the one of the most 
flammable fuels [6, 12, 15-17, 21]. Therefore, there are serious concerns for the storage of hydrogen. 
The need to monitor its possible leakage to avoid explosion is also necessary [22]. Hydrogen is 
generated in the process of manufacturing in some industries such as glass, chemical and petroleum 
(occurs in storage tanks and in refining process) and should be monitored for occupational health and 
safety practices [23-26]. 
Hydrogen is also a major cause for corrosion in metals and as a result it is difficult to confine this gas 
for storage [15, 16]. Due to its small size, hydrogen molecules are capable of diffusing into most 
metals, embrittling them internally, which renders the metal mechanically weakened [27]. Corrosion 
caused by hydrogen have a great impact on steel in gas pipelines especially in commercial aircrafts. 
Hydrogen sensors are also widely applied in: fire warning systems, monitoring of process control 
systems in industrial automotive (hydrogen driven vehicles) and biomedical applications [28-32]. 
Therefore in this thesis, the author will present a comprehensive investigation of a designated type of 
nanosensors for hydrogen sensing applications. This PhD research will present the fabrication and 
evaluation of nanotechnology enabled sensors for such purposes. With the growing number of 
applications requiring the need for hydrogen sensing, research and development of novel and reliable 
hydrogen nanosensors is of high priority.  
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1.3  Nanotechnology Enabled Hydrogen Gas Sensors 
The emergence of nanotechnology in the late 20th century has opened a new era of research. With this 
underlying drive, a new focus has surfaced to search and develop novel nanomaterials to fabricate 
electronic devices to sense hydrogen gas with high accuracy. When a semiconducting material is 
reduced to nanoscale dimensions, it causes very unique characteristics that are attractive and desirable 
to fabricate high performance electrical and optoelectronic devices [28, 33-44]. These characteristics 
include the enhancement of: electric fields, optical properties (reflectivity, absorption and 
luminescence), surface diffusivity, thermal conductivity, heat capacity, mechanical strength, and 
magnetic behaviour [37, 39, 45-49]. 
Sensors that use nanomaterials can exist with a higher surface to volume ratio as compared to 
polycrystalline materials, which allows greater sensitivities [3, 21, 29, 46, 50-54] to quantify 
hydrogen gas with concentrations down to parts per million and even parts per billion [2, 21, 31, 32, 
50, 51, 55, 56].  
There are many types of transducing platforms that are currently applied for sensor design. Some of 
these are: electrochemical, capacitance, conductometric, piezoelectric, acoustic wave, optical and 
Schottky diode based sensors [51, 57]. Among these, Schottky diodes are currently the one of the 
strongest candidates as high performance sensors and have high potential for widespread commercial 
applications [30, 31, 52, 58-65]. As a Schottky diode based sensor is exposed to a particular gas, the 
gaseous molecules interact with the surface of its sensitive layer, which directly causes a change in the 
electrical properties of the device. Consequently, a change in terms of a current or voltage can be 
measured from sensor [21, 57]. 
Hydrogen sensors based on Schottky diodes have been accepted as one of the most useful and 
effective semiconducting devices for research as their structure is simple and particularly inexpensive 
to fabricate [21, 29, 53]. Two distinctive features in the current voltage (I-V) characteristics of 
Schottky diodes (the forward rectifying and reverse breakdown behaviour) allow the electrical 
Chapter 1 Introduction  5 
properties of these diodes to be examined and easily studied. Many researchers have also shown that 
Schottky diode based sensors can exhibit remarkable sensitivities and rapid responses towards many 
type gases and vapours [32, 54, 66-70]. With these motives, the author will focus in this thesis, on an 
investigation of Schottky diode based sensors using nanostructured metal oxide gas sensitive layers 
with aspirations of enhancing sensor performance compared to the conventional based sensors. 
1.4  Nanostructured Metal Oxide Schottky Diode Based 
 Sensors 
In a Schottky diode, a transition metal is commonly deposited on a semiconducting substrate to form a 
metal-semiconductor interface. The interface controls the flow of electrons from the Schottky contact 
to the ohmic contact. An electrostatic barrier as known as the 'Schottky barrier' exists at this interface 
in which carriers are required to overcome to produce a current. The metal also acts as a catalyst for 
the dissociation of hydrogen gas. When a Schottky diode is applied as a hydrogen gas sensor, the 
hydrogen molecules dissociate into charged ions and diffuse through to the metal and build up a 
charge dipole layer at metal-semiconductor interface [71]. This dipole layer lowers the Schottky 
barrier height and allows more carriers to flow over the barrier. As a result, the sensor exhibits a 
change in its I-V characteristics. The sensor's sensitivity can be measured as change in voltage as it is 
operated under a constant current and vice-versa. This is one of the most widely accepted theories in 
sensing to date. A gas sensing mechanism which involves a directly incorporation the localised 
enhancement of electric fields has yet to be devised. In this thesis, the author will focus on linking this 
concept with experimental data and use it to explain the gas sensing results. The scope of this thesis 
will centre around this approach. 
In Schottky diode based sensors, the deposition of a thin semiconducting interfacial layer between the 
metal and substrate is common as it has been reported to significantly increase the sensitivity when 
compared to sensors without this layer [50, 53]. By forming a nanostructured surface morphology for 
this interfacial layer, the sensitivity of the sensor can be further substantially increased [21, 29, 50, 52, 
72]. Usually semiconducting metal oxides with wide bandgap are selected as the gas sensing 
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interfacial layer, which allow the Schottky diodes to operate at high temperatures [29, 68]. Metal 
oxides can also be deposited with a nanostructured morphology using low cost and well controlled 
deposition techniques such as sputtering and thermal evaporation, which are compatible with 
electronic industry standards [73, 74]. 
Many metal oxides that have been investigated as an interfacial layer in Schottky diodes include (but 
not limited to): zinc oxide [43, 66], titanium oxide [75, 76], tin oxide [76], tungsten oxide [52, 55], 
indium oxide [74], and molybdenum oxide [55]. As they are fabricated with nanoscale dimensions, 
they produce unique electrical properties, such as enhanced localised electric fields which are 
advantageous for field emission and gas sensing applications [45, 77]. In this thesis, an enhancement 
factor is introduced by the author to correlate the electrical properties of the nanostructured Schottky 
diodes to their gas sensing performance. The author modified the classic Schottky diode I-V equations 
and as a result introduced an enhancement factor incorporate the enhanced localised electric fields. 
Of the many metal oxides aforementioned, molybdenum oxide (MoO3) and zinc oxide (ZnO) are two 
materials, that can be deposited with many different morphologies. They include: nanorods [78], 
nanograins [79], nanobelts [51] and nanoplatelets [77, 80, 81] and have shown promising results for 
hydrogen gas sensing applications [51]. Many researchers have investigated these two metal oxides 
on transducers (conductometric and optical based) and shown that they are highly sensitive towards 
hydrogen gas [51]. However, very little work has been carried out on Schottky diode based 
nanosensors employing these two materials. In addition, the fundamental understanding as how such 
devices operate and how to enhance their properties have not yet being fully understood. Therefore, in 
this PhD research, the author has chosen to develop and investigate hydrogen sensors based on MoO3 
and ZnO nanostructured Schottky diodes. 
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1.5  Thesis Objectives 
The primary objective of this PhD research is to investigate novel nanostructured metal oxide 
Schottky diode based sensors. The author aims to examine the hydrogen sensing performance of these 
nanostructured diodes and show how their sensing properties are correlated to their nanostructured 
morphology, crystallographic structure and stoichiometric composition. 
In this thesis, the author will aim to: 
• Develop novel MoO3 and ZnO nanostructured Schottky diode based hydrogen sensors. 
• Deposit many different and novel MoO3 and ZnO nanostructured thin films with large surface 
area morphologies. 
• Present a comprehensive study of the electrical properties and gas sensing performance of the 
MoO3 and ZnO nanostructured Schottky diodes based sensors. A magnitude of voltage shift and 
the change in Schottky barrier height, determined from the I-V characteristics, will be used to 
evaluate the sensitivity of the sensors towards different concentrations of hydrogen gas at elevated 
temperatures up to 620°C. 
• Relate the relevant electric field theory in literature to the experimental results obtained by 
develop curve fitting the plot of the reverse nanostructured Schottky diode I-V equations to the 
measured reverse I-V characteristics of a nanostructured Schottky diode. 
• Characterise the deposited nanostructured films using a number of techniques to understand the 
fundamental properties of the fabricated materials. These include: scanning electron microscopy 
(SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS), transmission electron 
microscopy (TEM) and selected area electron diffraction (SAED). 
• Draw conclusions as to how the deposited morphologies of nanostructured metal oxides affect the 
gas sensing properties of nanostructured Schottky diode based sensors. 
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1.6 Thesis Organisation 
The author has organised this thesis into eight chapters presented as follows: 
• This first chapter provided an overview of this thesis. The motivations and objectives for this PhD 
research were discussed and explained in detail. 
• A comprehensive review of the literature of the technological advancement of Schottky diode 
based gas sensors are presented in Chapter 2. A review of Schottky diodes based sensors using 
SiC and semiconducting metal oxides materials such as MoO3 and ZnO are presented. The 
selection of the transition metals for the Schottky contact is also explained in this chapter. 
• Chapter 3 presents the theory describing the electrical properties of conventional and 
nanostructured Schottky diodes. The equations that describe the I-V relationship in these diodes 
for both forward and reverse bias conditions are presented. Herein, the author derives the 
equations that describe the enhanced electric field in nanoplatelets and nanorods morphology. 
Subsequently, the gas sensing mechanism that describe the operation of the nanostructured 
Schottky diode is discussed and explained in detail. 
• Chapter 4 presents the growth mechanisms of nanostructured thin film materials (vapour-solid 
and vapour-liquid-solid processes). The fabrication processes such as: the formation of the ohmic 
contact, deposition of the nanostructured metal oxide materials and formation of the Schottky 
contact are explained in detail. The deposition of MoO3 nanostructured thin films using thermal 
evaporation and ZnO nanostructured thin films using sputtering, evaporation-condensation and 
pulse laser deposition are presented and discussed in detail. 
• Chapter 5 describes the characterisation techniques (SEM, AFM, XRD, TEM, XPS and EDX) 
used in this thesis to examine the surface morphology, crystallographic structure and 
stoichiometric composition of the deposited nanostructured thin films. The results of the 
characterisations on the MoO3 and ZnO nanostructured films are presented and discussed 
accordingly.  
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• Chapter 6 presents the electrical characteristics of the fabricated nanostructured Schottky diodes. 
The I-V and field emission characteristics of the diodes are examined to calculate a theoretical 
enhancement factor γa and field enhancement factor β, respectively. The I-V characteristics of the 
diodes are examined in the presence of synthetic air and hydrogen at elevated temperatures. 
Subsequently, the voltage shift and the change in Schottky barrier height towards different 
concentrations of hydrogen gas are discussed.  
• Chapter 7 presents the dynamic performance of the nanostructured Schottky diodes upon 
exposure to hydrogen gas with different concentrations. The response and recovery time of these 
sensors are examined. 
• Chapter 8 concludes this PhD thesis and presents the author's suggestions for possible future work 
on nanostructured Schottky diode based sensors. 
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 Chapter 2 
Literature Review 
2.1 Introduction 
In the previous chapter, the motivation, rationale and objectives of this PhD research were outlined. In 
this chapter, the author will present a comprehensive review of the literature regarding investigations 
and experiments on nanostructured metal oxide Schottky diode based sensors. The advantages of the 
metal oxide nanomaterials selected for this PhD thesis will be also discussed in detail. 
2.2 Literature Review on Schottky Diode Based Sensors 
2.2.1 Development of the Schottky Diode 
The Schottky diode is one of the oldest semiconductor devices commonly used now. Applications of 
this device can be traced back before 1900's. A potential barrier, which is formed from a space charge 
in the semiconductor surface, was first reported by Schottky [1] and Mott [2] in 1938. The theory of 
surface states was developed by Bardeen [3] whose work was vital to explain many of experimental 
observations in Schottky diodes. Finally, the thermionic-emission theory, which explains the current 
transport mechanism for the Schottky barrier, was proposed by Crowell and Sze [4].  
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A Schottky diode is well known for its metal-semiconductor (MS) junction and it is also often 
recognised as a 'surface-barrier diode' [5, 6]. Due to the energy-band discontinuity at the interface, the 
injected carriers possess excess energy and therefore, the structure can also be referred to as a 'hot-
carrier diode' or a 'hot-electrode diode' [7, 8]. Due to its simple structure, a Schottky diode has 
become quite a useful building block for more complicated devices [9, 10]. 
 
Figure 2.1. A schematic diagram of a typical Schottky diode. 
In the case of gas-sensitive Schottky barrier diodes, their fabrication consists of depositing a catalytic 
metal layer on a clean or very thin oxidised semiconducting film on a substrate. For example, 
Schottky diode based gas sensors can be fabricated using either Pd/Si or Pd/silicon dioxide/Si 
structure (as shown in Figure 2.1), with an interfacial layer thin enough to permit carriers to tunnel 
across the interface layer [11]. 
2.2.2 Technological Progress of Schottky Diode Based Sensors 
In 1975, a Swedish research group lead by Lundstrom founded the roots of metal oxide 
semiconducting gas sensors with the discovery of the Pd-gate metal-oxide-semiconductor (MOS) and 
MOS field-effect hydrogen sensitive transistors [12, 13]. Shortly after, Shivarama et al. [14] reported 
the first Schottky diode hydrogen sensor based on a Pd/thin silicon dioxide/Si structure in 1976. In 
addition to the earliest reports in 1979, Schottky diode based hydrogen sensors were also reported 
independently by Ito et al. [15]. These early findings sparked the emergence of other types of devices 
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applied for hydrogen sensing, amongst them were the tunnel diode hydrogen sensors which were 
reported by Kawamura [16]. 
By the mid 1980's to early 1990's, Schottky diodes were investigated widely as gas sensors and the 
theoretical understanding of the gas sensing mechanism were developed. As the fabrication of these 
devices are very simple, Schottky diodes are favourable for research and development of sensors 
based on semiconductor and transition metals. The transition metals are generally in the group VIII of 
the periodic table such as Pt, Pd and Ni. They are deposited on the semiconductor and function as 
both a Schottky contact and a catalyst for the dissociation of gas [17-20]. 
Reports by many other authors began to emerge with the fabrication of Schottky diodes using 
different types of substrates [21-24]. Most of the earliest Schottky diodes were based on n-type Si, 
GaAs and InP which are operated with a limited temperature range as the metal-semiconductor 
junction becomes unstable at higher temperatures due to its limited bandgap [25]. With higher 
demand for operation of metal-semiconductor based devices in harsh environmental applications [19], 
much focus has been on newer and wider bandgap semiconducting materials such as silicon carbide 
(SiC) [26] aluminium gallium nitride (AlN) [27] or gallium nitride (GaN) [28-30]. 
2.2.3 Hydrogen Sensors Based on SiC for Harsh Environmental  
  Applications 
A harsh environment has been referred to the situation involving high temperature, [31-35] high 
frequency, high power [36], high electromagnetic interference (EMI) [37], intense vibrations, erosive 
flows [38-43], high radiations and high aggressive media exposure [34]. In addition, harsh 
environments cause significant corrosion-related degradation [31, 44]. Typically harsh environment 
applications are related to automotive, aerospace, avionics, micropropulsion, turbomachinery, 
industrial process control, nuclear power and communications industries [34, 37, 42, 43, 45-47]. 
  
Chapter 2 Literature Review  18 
Conventional semiconductors based on pure Si-based electronic systems fail to operate at 
temperatures above 150°C [34-37, 44, 45, 47, 48]. Therefore, the operational temperature is limited 
which is why electronic components in our current computers require cooling fans to maintain a stable 
operation [44]. Consequently, with a pushing demand in many industrial applications for higher 
operational temperatures of electronic devices, there is a need for semiconductors with good thermal 
stability and wide bandgap for stable electronic properties at elevated temperatures [42, 43]. Therefore 
the author looked toward semiconducting materials with a wider bandgap such as SiC for the 
fabrication of Schottky diodes in this PhD research. 
Currently, several wide bandgap semiconducting materials such as SiC [19, 38, 40, 41, 49], AlN [30], 
GaN [50], aluminium gallium nitride (AlGaN) [36] and synthetic diamond [51] are under 
development for gas sensing applications [52]. These wide bandgap semiconductors offer much 
potential for the fabrication of high-temperature, high-power and high-frequency devices for 
electronic applications operating above 300°C [32, 34, 36, 44, 53]. These materials have also been 
examined for hydrogen sensing applications in harsh environments [34, 44, 53-55]. 
SiC has many attractive features as compared with other wide bandgap semiconductors. It is 
commercially available and has been reported to be suitable for the growth of thermal oxides on its 
surface [34, 44, 56]. As a result, SiC is now at the forefront of wide bandgap semiconductor research 
[57]. The uniqueness of SiC is that its bulk properties in its hexagonal (6H) form holds a high thermal 
conductivity of 4.9 W.cm-1.K-1 [58] and a bandgap of 3.05 to 3.3 eV [34, 59, 60]. This range of wide 
bandgap allows high temperature operation of up to 1000°C [34, 44, 61]. SiC is not easy attacked by 
most acids and can only be etched by alkaline hydroxide basics (i.e. KOH) at temperatures above 
600°C [19]. SiC does not melt but sublimes at about 1800°C [52, 57]. Also the surface of SiC can be 
passivated by the formation of thermal SiO2 and the oxidation rate is very slow when compared with 
Si [42]. Its high thermal conductivity is also advantageous as it causes a faster dissipation of power in 
comparison to Si making it ideal for use in both electronic and gas sensor technologies [49, 62]. It 
also has excellent mechanical properties and has a high critical electric field (in excess of 2 MV.cm-1), 
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which can withstand an electric field one order of magnitude higher than Si. Since SiC has a higher 
breakdown voltage, its on-resistance is drastically reduced when compared with Si devices [48, 52, 
56, 57].  
Most of the SiC-based hydrogen sensors reported in literature are grouped into field effect devices, 
which properties are determined largely by an electric field in the depletion region within the devices 
[19]. The operational principles of SiC field effect devices makes them suitable for gas sensing 
applications as they can exhibit high sensitivity, stability and reliability towards a variety of gases 
such as hydrogen or hydrocarbons in harsh environment applications [53]. As a result, future 
electronic devices fabricated using SiC is, and will be of strong interest [34, 61]. 
2.2.4 The Recent Progress of SiC Based Schottky Diode Hydrogen  
   Sensors 
The first SiC based Schottky-diode hydrogen sensor was developed by Hunter et al. [26] at the 
National Aeronautics and Space Administration (NASA) Lewis research centre in 1992. Amongst the 
earliest reports, using SiC as a substrate to fabricate Schottky diode based sensors was conducted by 
Spetz and Savage et al. [56] and Hunter et al. [26] followed by contribution of several other research 
groups. Afterwards, numerous reports of gas sensors based on SiC-MOS type sensors began to 
emerge in literature [19, 30, 32, 48, 56, 61, 63]. 
Tobias et al. [64] fabricated Pt-contact 6H-SiC Schottky diodes with an interfacial layer of 1 nm Ta or 
10 nm TaSix. A hypothesis was made that a gas response in the forward bias condition was mainly 
due to change in the resistance of metal contact. Schottky diodes based on n-type and p-type SiC both 
exhibited a response to hydrogen in forward bias at 400-600°C. It was found that an SiO2 oxide layer 
was formed on a HF-etched SiC surface before metallisation [65, 66] by treating the surface with 
ozone gas for 10 min at 25°C. This thin oxide increased the stability of SiC Schottky diodes 
considerably, without the need for any further interfacial layer such as Ta or TaSix. A porous Pt gate 
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electrode and ozone-treated interfacial layer was employed and was found to exhibit high sensitivity 
towards exhaust gases [53]. 
Kim et al. [67] fabricated both Pt- and Pd-SiC Schottky diodes to compare their response to hydrogen 
and methane at temperatures between 400-600°C. Both types of diodes exhibited excellent stability 
when hydrogen response was tested continuously for 30 days at 500°C. Nevertheless, the Pd-SiC 
Schottky diodes exhibited a higher sensitivity and faster response to both gases. Despite the high 
sensitivity achieved using the Pd metal catalyst, the sensing performance of the Pd-SiC diode 
degraded over time. This was attributed to the formation of PdxSi on the surface of the diode. Hunter 
et al. [68, 69] also observed that Schottky diodes based on SiC experienced a drift as the sensors were 
operated at 350°C for a period of several weeks. This drift was attributed to a reaction between Pd and 
SiC. Moreover, they modified this sensor by substituting the Pd contact with an alloy of Pd/Cr and 
using SnO2 as an interfacial layer. The results elucidated substantial improvement in the sensor's 
stability as well as an increase in hydrogen sensitivity. 
Tang et al. [70] investigated SiC-based Schottky diode hydrogen sensors by depositing SiO2 with 
different insulator thicknesses. The sensing performance results illustrated that the sensitivity was 
directly related to the thickness of the insulator and the thicker the insulator, the higher the sensitivity. 
However they also found a much improved sensing performance in a Schottky diode hydrogen sensor 
by using HfO2 as a thin dielectric layer [71]. It was found that for the same thickness of dielectric, 
HfO2 sensor is more sensitive than its SiO2 counterpart. However, further increase of the thickness of 
the HfO2 dielectric beyond about 3.3 nm reduces the sensitivity, which is due to the trapped charges in 
the insulator layer. Thus, this leads to a screening effect of the polarised hydrogen layer [70, 71]. 
Many other authors have also reported Schottky diodes based hydrogen sensors using different metal 
oxide layers, which are deposited between the metal and the substrate [51, 72-77]. These materials 
will be discussed in further detail in the next section. 
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2.3 Review on Nanostructured Materials Pertaining to this 
 Research 
Many different research groups have investigated the use of various metal oxide films for sensing 
applications in Schottky diode based gas sensors. These metal oxides include, but are not limited to: 
zinc oxide (ZnO) [78-85], titanium oxide (TiO2) [86-92], hafnium oxide (HfO2) [63, 76, 93-96], 
tantalum oxide (Ta2O5 ) [97-104], zirconium oxide (ZrO2) [75, 105-111], tungsten oxide (WO3) [77, 
92, 112-121], indium oxide (In2O3) [73, 122-129], nickel oxide (NiO) [130-142], tin oxide (SnO2) [73, 
74, 143-154], niobium oxide (Nb2O5) [155-159], chromium oxide (Cr2O3) [160-166], copper oxide 
(CuO) [167-170], lanthanum oxide (La2O3) [171-179], and molybdenum oxide (MoO3) [72, 92, 180-
206]. There have been several reviews in literature, which have examined the sensing potential of 
these metal oxides materials [74, 77, 207-216]. In this thesis, the author will focus on only two metal 
oxide materials: ZnO and MoO3. 
Schottky diode hydrogen sensors based on a interfacial layer using ZnO has been, and still is, widely 
investigated [73, 78-80, 83, 85, 217-227]. However, the study of gas sensing performance using 
nanostructured ZnO is relatively new and the sensing potential of the material has yet to be fully 
understood. ZnO can be deposited in many crystalline forms, however these forms are dependent 
upon the deposition technique utilised. The author also considered MoO3 as a material, which can be 
deposited with different morphologies using the different deposition techniques [72, 181, 183-185, 
187, 190, 192, 195, 201, 202, 204-206]. These materials possess many unique advantages from a 
research perspective and are discussed in further detail in the next two sections. 
2.3.1 MoO3 Nanostructured Materials 
Many different morphologies of nanostructured MoO3 including nanowires, nanorods [72, 228, 229], 
nanoribbons [230], nanoflowers [231, 232], nanostars [233] and nanobelts [231, 234-237] have been 
reported using various deposition techniques. However, a very limited number of MoO3 
nanostructures have been applied for gas sensing [72, 238]. Most of the sensing investigations utilise 
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nanostructured MoO3 on conductometric based sensors [92, 181, 185, 196, 198, 201], and to the best 
of the author's knowledge; only a limited number of investigations have reported nanostructured 
MoO3 Schottky diode based sensors [181, 185, 187, 190, 192, 195, 200-202, 204-206]. 
In this PhD thesis, the author will present his work on hydrogen gas sensors based on 
Pt/nanostructured MoO3/SiC Schottky diodes. MoO3 nanostructured thin films, which are deposited 
with different morphologies such as: nanoplatelets, nanoplatelets-nanowires and nano-flowers on SiC 
substrates as the interfacial gas sensing layer, are presented herein. Schottky diodes that use MoO3 
cannot tolerate high operating temperatures as MoO3 has a low sublimation point. However, the 
author chose to investigate this material in Schottky diode structures due to its immensely versatile 
nature. By using a simple low cost thermal evaporation process, a wide range of MoO3 morphologies 
can be obtained. Later in this thesis, the author will show how sharp edged nanostructured MoO3 
morphologies can enhance the localised electric field, and as a result, increase the sensitivity toward 
hydrogen gas. 
2.3.2 ZnO Nanostructured Materials 
Many research groups have reported the deposition of nanostructured ZnO materials with different 
surface morphologies. Some of these morphologies have been identified as nanorods [217, 223, 227], 
nanotubes [239], nanofibre [240], nanowires [219, 220, 222, 226], nanobelts [78, 81, 209], tetrapods 
[241] and are very promising candidates for gas sensing applications. These ZnO nanostructures have 
been deposited as the interfacial gas sensing layer in conductometric and FET based gas sensors [78, 
79, 242]. Recently, several investigations have begun to emerge regarding the gas sensing 
performance of nanostructured ZnO Schottky diodes [78, 224, 225, 243]. In one of these reports, 
electrical measurements of an individual single crystalline ZnO nanobelt, which was placed between 
two Pd contacts were performed in air and NH3 (1% and 3%) balanced in ambient air at room 
temperature [78]. The current-voltage (I-V) characteristics of the diode showed rectifying behaviour in 
both ambient air and NH3. Upon exposure to NH3 gas, a lateral voltage shift in the I-V curves was 
observed in both the forward and reverse bias operations. Zhang et al. [244] also reported rectifying 
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behaviour in the I-V characteristics of Schottky diode based on a single ZnO nanorod aligned across 
paired Ag contacts. The device was tested towards NH3 gas (50 and 1000 ppm) at room temperature 
and exhibited an increase in the forward and reverse currents, indicating a high sensitivity to NH3 gas. 
Hydrogen gas sensing performance of a Pt/ZnO single nanowire Schottky diode was examined by Das 
et al. [245] and the diode exhibited good sensitivity at room temperature with response time of 
55 secs. It will be shown later in this thesis that the author presented investigations on the gas sensing 
performance of ZnO nanostructured Schottky diodes [224, 243]. He fabricated a Pt/ZnO nanorod/SiC 
Schottky diode and tested it towards H2 over a temperature range of 280 to 430°C. The sensor 
exhibited larger lateral voltage shift in the I-V curves upon exposure to hydrogen under reverse bias 
operation than in the forward bias. Upon exposure to hydrogen, the effective change in free carrier 
concentration at the Pt/ZnO nanorod interface was amplified by an enhancement factor, effectively 
lowering the reverse barrier, and therefore a large voltage shift can be observed [243]. The 
investigations of such behaviour will be presented in detail in the following chapters. 
In this PhD research, ZnO with different morphologies including: nanostructured arrays and 
nanowires-platelets deposited onto SiC substrates. The developed Schottky diodes were examined for 
their electrical and gas sensing performance towards hydrogen gas. The author will show that the 
choice of SiC is suitable as it can tolerate high temperatures required in the ZnO thermal evaporation 
process. SiC also exists with a hexagonal crystal structure, which is similar to ZnO, facilitating the 
growth of nanocrystalline ZnO on the SiC surface. 
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2.3.3 Transition Metal for the Schottky Contact 
In Schottky diode based hydrogen sensors, a transition metal is deposited on the metal oxide and 
functions as both the Schottky contact and catalytic layer for the dissociation of hydrogen molecules. 
The choice of the catalytic metals depends on the type of gas to be detected [56, 246]. Transition 
metals are often employed to catalyse redox reactions, such as oxidation and hydrogenation. Many 
metals such as Pt and Au are used in catalytic processes, especially those involving hydrogen 
interactions. The metal adsorbs hydrogen chemically onto the surface and consequently the hydrogen 
molecules dissociate into separate hydrogen atoms [247, 248]. This process causes a charged dipole 
layer on the surface and grants free electrons to the Schottky contact, which results in a change in the 
I-V characteristics. This mechanism will be discussed in detail later in this thesis. In addition to Pt and 
Au, palladium (Pd) and rhenium (Rh) are also used for catalysts as they have been found to be 
sensitive to hydrogen [248-250]. 
It has been reported that the catalytic activity rate of metals increases in the order of: 
Pd < Rh  < Au < Pt < Ag [251]. Additionally, metals such as Pt, Pd and Ir can also dehydrogenate 
long chain hydrocarbons at temperatures above 427°C.  
The diffusion time for hydrogen at 427°C through 100 nm of Pt is < 5µs [249]. SiC based Schottky 
diodes using Pt catalytic metal respond to hydrogen and hydrocarbons in air at concentrations well 
below the explosion limit [64]. 
In this PhD research, the author chose Pt from the group VIII (B) of transition metals on the periodic 
table. Pt has the highest work function (Φ), which lies between 5.12 to 5.93 eV; while Pd has a work 
function from 5.22 to 5.6 eV and for Ni work function is in the range of 5.04 to 5.35 eV. From a gas 
sensing perspective, Pt is the most suitable metal to be used in Schottky diodes as it exhibits intense 
catalytic properties, which allows the dissociation of target gas molecules and at the same time 
functions as a Schottky contact. 
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2.4 Summary 
In this chapter, the author critically reviewed the literature regarding the hydrogen sensors based on 
Schottky diodes. Subsequently, a review regarding the most up-to-date literature on hydrogen sensors 
based on nanostructured MoO3 and ZnO Schottky diodes and the selection of the transition metal for 
the Schottky contact was also presented.  
The operating principles and gas sensing mechanism of the conventional and nanostructured Schottky 
diodes will be presented in the next chapter. Their operation in the forward and reverse bias will be 
discussed and theoretical equations that govern their electrical behaviour will be presented. 
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 Chapter 3 
Theoretical Study of Nanostructured 
Schottky Diode Based Gas Sensors 
3.1 Introduction 
In this chapter, the author will present a theoretical study of the hydrogen sensors based on Schottky 
diode to explain how they operate. The fundamental theories, the assumptions and equations that 
explain the operation of conventional and nanostructured Schottky diodes will be presented. 
The current-voltage (I-V) characteristics of these diodes will be discussed and compared. The author 
will introduce an enhancement factor for nanostructured Schottky diodes and will discuss its effect on 
the I-V characteristics. The effects of other parameters such as the carrier density, barrier height and 
temperature on the I-V characteristics will also be discussed. Subsequently, the structure of the 
Schottky diode based sensors and their gas sensing mechanism will be presented. 
The author will derive equations which describe the electric field enhancement in two types of 
nanostructured Schottky diodes (nanoplatelets and nanorods). These equations are used as the basis 
for the curve fitting of the I-V characteristics in determining a value for the theoretical enhancement 
factor. 
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3.2 Fundamental Theories of Schottky Diodes 
There are three distinctive components that are in the structure of a typical Schottky diode: a metal, a 
semiconductor and another metal as shown in Figure 3.1. 
 
Figure 3.1. Schematic of the three layers of a Schottky diode. 
As the I-V characteristics are measured across the diode; one of the metal-semiconductor contacts 
produce a rectifying feature in its forward bias region and a breakdown feature in the reverse region.  
This is called the Schottky contact. The other metal-semiconductor contact produces a non-rectifying, 
linear I-V characteristic in both forward and reverse bias operation. This is called the ohmic contact. 
In this section, the theory of rectifying and breakdown metal-semiconductor contacts (Schottky 
contacts) based on conventional and nanostructured (n-type) metal oxide semiconductors will be 
presented. 
3.2.1 Conventional Schottky Diodes  
3.2.1.1  Schottky Barrier 
When a metal is in contact with a semiconductor, a potential barrier is formed at the metal-
semiconductor interface. This potential barrier is responsible for the flow of current and its capacitive 
behaviour. In this subsection, the formation of the barrier is presented and described using energy-
band diagrams. 
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The barrier height at the metal-semiconductor interface can be determined by the metal work function 
and the interface states [1]. A general expression of the barrier height can be derived. It is based on 
the following assumptions: 
(1) the contact between the metal and the semiconductor has an interfacial layer of atomic 
 thickness; this layer can withstand a potential difference across it; 
(2) the states per unit area at the interface are associated with the semiconductor surface and is 
 independent of the metal. 
In an ideal case, initial surface states and non-contributing aspects at the metal-semiconductor 
interface are neglected. Figure 3.2 illustrates the energy band diagrams of a metal and n-type 
semiconductor as they are: (a) in separated systems, (b) connected as one system; and (c) in intimate 
contact [1].  
When the metal and semiconductor exist as separate systems (Figure 3.2a), the metal work function is 
defined as the energy between the vacuum level and Fermi level of the metal φm, and is typically 
larger than that of the semiconductor, (χ +
 
φn), where χ is the electron affinity of the semiconductor 
(the energy between the vacuum level and the conduction band EC), and φn is the difference in energy 
between EC and the Fermi level. 
When the metal is in contact with the semiconductor, electrons lower their energy by flowing from the 
semiconductor conduction band into the metal. The resulting build-up of charge on the metal-
semiconductor interface causes a deformation of the band structure. This build-up of charge continues 
until the chemical potential in the semiconductor reaches equilibrium with the Fermi energy of the 
metal. The deformed band structure establishes a potential barrier in which electrons must acquire 
sufficient energy in order to allow them flow over the barrier from the semiconductor into the metal. 
As the Femi level reaches equilibrium, a negative charge is formed on the metal surface, as shown in 
Figure 3.2b. When the metal is placed in an intimate contact with the semiconductor, the gap distance 
δ becomes zero; the electric field corresponds to a grade of the electron potential in the depletion 
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width WD, resulting in band-bending as shown in Figure 3.2c. An ideal contact between a metal and 
n-type semiconductor, the barrier height, φBn0, is given as [1]: 
sm χφφ −=Bn0  (3.1) 
and the depletion width, WD is given by [1]: 



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⋅
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q
kTV
Nq
W bi
D
s
D ψ
ε2
 
(3.2) 
where q is the electron charge, εs is the permittivity of the semiconductor, ND is number of donors  
per cm3, k is Boltzmann's constant, T is the absolute temperature and ψbi is the built in potential.  
 
Figure 3.2. Energy-band diagrams of a metal and n-type semiconductor: (a) neutral and isolated, (b) connected 
as one system and (c) in intimate contact. 
3.2.1.2 Interface States 
In the previous section, the barrier height of an ideal metal-semiconductor system, in intimate contact, 
is given by the difference in the energy of the work function of the metal φm and the energy of the 
electron affinity of the semiconductor χs. In a non-ideal metal-semiconductor interface, a large density 
of surface states is present on the surface of the semiconductor. These states are important and affect 
the barrier height significantly. The surface states in the bandgap of the semiconductor cause the 
pinning of the metal Fermi level [1]. These states are continuously distributed in the band gap and are 
characterised by a neutral level φ0 [2]. 
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As a metal reaches thermal equilibrium as it is in contact with a semiconductor, the Fermi level of the 
semiconductor changes by an amount equal to the contact potential, as a result of the exchange of 
charge with the metal. Assuming a large surface state density (in the order >1018 cm-3), a charge 
exchange between the metal and surface states occurs and results in a relatively unchanged depletion 
region. Therefore, the barrier height becomes independent of the metal work function and is 
determined by the doping and the surface properties of the semiconductor [3]: 
0Bn0 φφ −= gE  (3.3) 
where Eg is the energy of the semiconductor band gap. For a general expression of the barrier height, 
the thin interfacial layer (between the metal and the semiconductor) is considered with a thickness of 
δ, [2]. Hence the barrier height is given by [1, 4]: 
( ) ( ) ( )0Bn0 1 φχφφ −−+−⋅= gm ESS  (3.4) 
si
i
Dq
S
⋅⋅+
= δε
ε
2  (3.5) 
where εi is the permittivity of the interfacial layer and Ds is the density of interface states per unit area. 
As Ds approaches zero, the barrier height approaches the same value as in Equation (3.1). 
In the next section, the author will introduce and discuss the image force lowering (Schottky effect) 
on the barrier height. The image force lowering has a significant effect on the shape of the I-V 
characteristics in nanostructured Schottky contacts as will be seen later in this chapter. 
3.2.1.3  Image Force Lowering 
'Image-force lowering' otherwise known as 'Schottky-barrier lowering' is an image-force-induced 
lowering of the barrier energy (at a metal-semiconductor interface) for charged carrier emission in the 
presence of an electric field. In reference to the derivations by Sze et al. [1], a metal-vacuum system is 
considered. When an electron is positioned at a distance x from the metal, a positive charge is induced 
on the metal surface. Sze et al. explains using image force theory [1] that the attractive image force of 
the electron with the charge of q toward the metal can be expressed as: 
in which 
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where, 0ε is the permittivity of free space and x is the distance from the metal into vacuum. Therefore, 
the potential energy Ep(x) for an electron transferred from infinity to the point x is given by [1]: 
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16piε
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== ∫
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(3.7) 
When an external electric field ξ is applied, the total energy of the electron is the difference between 
the potential energy, as calculated in Equation (3.7), and the external field energy as given by [1]: 
( ) xq
x
q
xPE ⋅−⋅−= ξ
piε
1
16 0
2
 (3.8) 
Therefore in a metal-semiconductor structure, the potential energy of Equation (3.8) is differentiated 
and the location of the maximum value is found by equating 0)( =xPEdxd . The magnitude of the 
image-force lowering (change in barrier height) ∆φ and location of the lowering xm is given in 
Equations (3.9) and (3.10), respectively [1]: 
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(3.9) 
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where ξm is the maximum field at the metal-semiconductor interface. In a non-ideal Schottky-barrier 
diode, the maximum electric field at the surface, based on the depletion approximation, is [1]: 
s
sD
m
Nq
ε
ψξ ⋅⋅= 2  (3.11) 
where ψs is the surface potential at the metal-semiconductor interface on an n-type semiconductor. 
Therefore substituting into Equation (3.9), the dependence of the barrier height change with respect to 
surface potential is obtained as [1]: 
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Figure 3.3 shows the energy-band diagram of a conventional metal-semiconductor (n-type) interface, 
encompassing the Schottky effect under different biasing conditions. Under the forward bias condition 
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(V > 0), the barrier height is smaller than the barrier height at zero bias. For the reverse bias, the 
barrier height is relatively large. The height of the Schottky barrier is significantly dependent on the 
bias condition and its magnitude [1].  
 
Figure 3.3. Energy-band diagrams of a metal in contact with an n-type semiconductor (conventional) under 
forward, zero and reverse bias condition. φBn0 is the intrinsic barrier height.
 
3.2.1.4  Current-Voltage Characteristics 
In a metal-semiconductor (n-type) Schottky contact, when VF is assumed > qkT3 , the forward J-V 
characteristics is given as [1]: 
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where, JF is the forward current density, A** is the effective Richardson constant, φB0 is the barrier 
height, ∆φ is the image-force lowering (change in Schottky barrier height) and k is Boltzmann's 
constant. Since A** and ∆φ are weak functions of the applied voltage, the forward J-V characteristic 
can be simplified as [1]: 
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
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where J0 is the saturation current, which is determined using the extrapolation method [1] of the 
current density at zero voltage. Therefore, the forward barrier height can be obtained from 
Equation (3.15) as [1]: 
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In the reverse bias, under the assumption VR > qkT3 , the voltage dependence is dominantly affected 
by the image-force lowering as the J-V characteristics is given by [1]: 
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where ξm is the maximum electric field at the interface of metal-semiconductor [1]: 
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3.2.2  Nanostructured Schottky Diodes  
Schottky diodes that are based on nanostructured metal oxides exhibit significantly different I-V 
characteristics with respect to the conventional Schottky diodes. The enhanced electric fields exists in 
both the forward and reverse bias condition. In the forward bias, a higher turn-on voltage and the 
current increase with a higher exponential can be observed. The difference is more evident in the 
reverse I-V characteristics, where a much lower breakdown voltage exists [5-10]. The author attributes 
these observations to the enhanced localised electric fields induced in proximity to the sharp edges 
and corners of the nanostructured morphology [11-16]. These enhanced localised electric fields is 
likely to play a role in contributing to the lowering of the barrier energy to allow greater charge carrier 
flow [17-20]. However, other phenomena (such as quantum confinement) may also contribute which 
is beyond the scope what will be discussed in this thesis. Figure 3.4 illustrates the typical I-V 
characteristics of a conventional and nanostructured Schottky diode. 
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Figure 3.4. Typical I-V characteristics of conventional and nanostructured Schottky diodes. 
For the nanostructured Schottky diodes, Equation (3.14) can be used to describe the forward current 
density. However, for the reverse current density, the author proposes that maximum electric field ξm 
at the metal-semiconductor interface be substituted by parameter ξγ  to incorporate the enhanced 
localised electric fields. It is given by: 
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(3.19) 
For the nanostructured Schottky diodes, the enhanced localised electric field is a function of the 
reverse bias voltage VR: 
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(3.20) 
where γa  is the electric field enhancement factor, which will be proven both experimentally and 
theoretically. The enhancement factor describes the ratio between the localised field and the applied 
field as given by [20, 21]: 
m
a ξ
ξγ γ≈  (3.21) 
It should be emphasised that this factor may not be the lone attributing cause to the enhanced electric 
fields, however for the scope of this thesis, the author will focus on whether a value for this factor can 
be approximated as it is linked to experimental data. 
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In the following subsections, the author presents the equations that he has derived for the description 
of  Schottky contact behaviour in reverse bias. The effect of electric field enhancement factor, carrier 
density, barrier height and temperature on the I-V characteristics of nanostructured Schottky diodes 
[20] will be presented the following sections. 
3.2.2.1 The Effect of Electric Field Enhancement Factor 
According to Equation (3.14), the magnitude of the forward current density is proportional to 






kT
qVFexp  which does not directly involve the electric field parameter. Equations (3.19) and (3.20) 
show that the reverse current density (at room temperature) is approximately proportional to 
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2
1
exp Ra VB γ , where B is a constant consisting of the variable terms excluding VR and γa which 
appear in Equations (3.19) and (3.20). For simplification, both qkT  and ψbi at room temperature in 
the presence of a large magnitudes of VR are neglected. The enhancement factor increases the 
exponent and enhances the magnitude of current in the reverse bias condition [20].  
3.2.2.2  The Effect of Carrier Density 
In the forward bias condition, the current density of the nanostructured Schottky diode is a function of 
barrier height (φB0) according to Equation (3.14) and the effects of enhanced electric fields from 
nanomaterials do not directly affect the I-V characteristics [20]. In reverse bias operation, the current 
density is a function of carrier density ND and is proportional to 




⋅⋅
4
1
2
1
exp Da NC γ , where C is a 
constant representing the variables in Equations (3.19) and (3.20) excluding ND and γa [20].  
3.2.2.3  The Effect of Barrier Height 
According to Equation (3.14), the forward current density is proportional to exp 





−
kT
q B0φ , which is a 
function of the barrier height, φB0. The reverse current density is proportional to the term  
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downwards as the reverse voltage magnitude increases. This results an increase in the barrier height 
and consequently decreases the flow of current through the interface. However, by further increasing 
the magnitude of the reverse voltage, the exp ( )
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 becomes dominant. This exponential 
term incorporates the enhanced localised electric fields which oppose the barrier height increase. As a 
result, it assists the thermionic emission of the carriers to flow over the barrier in the reverse bias [1, 
20]. Figure 3.5 shows the energy-band diagram of a nanostructured Schottky contact under different 
biasing conditions, with consideration of the enhanced localised electric fields.  
 
Figure 3.5. An energy-band diagram of a metal and n-type nanostructured semiconductor contact under 
forward, zero and reverse bias with the effect of the enhanced localised electric fields. 
 
By incorporating the effect of the enhanced localised electric fields, the reverse barrier height can 
therefore be given as [20]: 
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3.2.2.3 The Effect of Temperature 
In the forward bias condition, the current density is proportional to 





⋅
kT
qVT Fexp2  in Equation (3.15). 
While according to the Equations (3.19) and (3.20), the reverse bias current density is given by [20]: 
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If the value of VR is far greater than bψ
 
and q
kT
 at low temperatures, these terms can be neglected. 
Therefore, the reverse current density becomes proportional to temperature by the term 
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[20]. 
3.3 Derivation of Equations for Enhanced Electric Fields in 
 Nanostructured Schottky Diodes 
In this section, the author will present two theoretical models that he has developed to take into 
account the enhanced localised electric field at the tips and edges of the nanostructures. These models 
are for a metal oxide nanoplatelets and nanorods and uses equations on field enhancement derived by 
Forbes et al. [21]. An individual 'nanoplatelet model' is developed from the 'hemisphere on post 
model' as described below. 
3.3.1 Equations Describing the Enhanced Electric Fields from a  
  Nanoplatelet 
The dimensions of a nanoplatelets are typically in the range of several nanometres to several microns 
and thicknesses on the nanometre scale. The enhanced localised electric fields that emanate from 
these nanoplatelets (as an external field is applied across them), originate predominantly in proximity 
to their edges and corners. A vertically orientated nanoplatelet is initially assumed, and a 'hemisphere 
on a post' model can be used to represent the cross-section of the platelet on a one dimensional plane. 
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The electric field at the tip of the 'hemisphere on a post' (Figure 3.6a) has been known to be also 
represented by the electric field at the apex of a conducting sphere (with radius r) as it is held at a 
distance l from the emitter plane (Figure 3.6b). This is valid as long as the assumption l  >> r remains 
true. The zero potential at the emitter plane can be effectively reduced to zero by inserting a point +q 
charge at distance l from the centre of each sphere and hence an image charge appears at –l effectively 
as shown in Figure 3.6c. It is assumed that these charges are independent when placed in series with 
each other. 
The field at the apex of the conducting sphere generated by macroscopic field (field from the emitter 
plane) is given by l
V
M =ξ . Therefore the localised field at the apex is defined as rV ∂∂=γξ   
where 
r
qV
opiε4
=  , so r
V
−=γξ . This means that localised electric field and macroscopic field are 
related by 
r
l
M ⋅= ξξγ . 
 
Figure 3.6. Illustration of (a) a hemisphere on a post model, (b) a sphere in the emitter plane model and (c) an 
image charge model. 
 
To derive equations that describe the enhanced electric fields from each nanoplatelet, several 
assumptions are made as listed below: (1) each nanoplatelet is assumed independent of each another; 
(2) the macroscopic electric field also is assumed perpendicular to the emitter plane; (3) a nanoplatelet 
in a orientation parallel to the emitting plane is assumed to emit zero electric field; (4) a nanoplatelet 
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that is orientated at an angle to the emitting plane will emit an electric field with a cos(θ) component 
to the normal of the emitter plane. 
In this PhD research, the author represented an individual nanoplatelet in Figure 3.7a as a 
combination of 'hemispheres on a post' as shown in Figure 3.7b. These are effectively a series of 
spheres in the emitter plane as seen in Figure 3.7c. They are located at a distance of l from the surface 
of the emitter plane. The electric field at the apex of each sphere can be calculated as the 
superposition of the electric fields. In these calculations, the charges at the centre of the each sphere 
and their corresponding image charge are considered with the assumption that each sphere is 
independent of each other. 
 
Figure 3.7. Diagram of (a) a nanoplatelet, (b) series of hemispheres on post and (c) series of spheres. 
 
The electric field En at the apex of each sphere in Figure 3.8a can be calculated by the superposition 
of the electric fields emitted by each of the spheres sequentially. If a series of m number of spheres 
exists, the electric field at the mth apex can be calculated via the superposition principle, and the total 
electric field at ξγ can be expressed as: 
( )∑
−−=
−








−+
⋅=
12
22 )(2
1mr
wn
m rmnr
lγξ  (3.24) 
where w is the width of the nanoplatelet. The maximum value for m is 12 −r
w
 in which r is the 
radius of each sphere. As an example, an illustration of the apex electric field for a singular platelet 
constructed by 5 spheres is shown in Figure 3.8a. The ratio of the electric field distribution at the 
(a) (c) (b) 
l l l 
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apexes of the five spheres is plotted with respect to m as shown in Figure 3.8b. A peak in the electric 
field is located at the middle of the plot. 
 
Figure 3.8. (a) Illustration of the localised electric fields at the apex of five conducting spheres. (b) A plot of the 
electric field distribution at the apex of the five conducting spheres. 
 
The next section will discuss the derivation of equations that describe the enhanced electric fields in a 
Schottky diode based on a nanorod. 
3.3.2  Equations Describing the Enhanced Electric Fields from a  
   Nanorod 
Nanorods can be generally described in one dimension as they typically exist with a cylindrical 
geometry enclosed with curved tip. Their dimensions range with base radii on the nanometre scale 
and lengths up to several microns. The enhanced localised electric fields that emanate from these 
nanorods originate predominantly at the apex of the curved tips. In this thesis, vertically orientated 
nanorods are initially assumed and represented by a 'hemisphere on a post'.   
The author also assumes that nanorods are formed on a conductive or a highly doped (n+) substrate. A 
schematic diagram of a Schottky diode consisting of a thin film of n-type semiconductor nanorods in 
a vertical orientation is shown in Figure 3.9. The nanorods exist with a radius r and length l ending at 
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tips of hemispheres with the radii r. The aspect ratio is defined as l
r2
 and it is assumed that a metal 
of infinitely small thickness exists on the tips of the nanorods to form the contact. 
The 'hemisphere on post' model [21] together with the 'image force charge' theory [1] is used to derive 
the equations the enhanced electric field at the nanorod tips with a metal/metal oxide 
nanorods/conductive (or highly doped) substrate structure. It is also assumed that the conductivity of 
the substrate is much larger than that of nanorods. Under these assumptions, the substrate acts as a 
mirror and the 'hemisphere on the post' model will be valid. 
  
Figure 3.9. Schematic of a Schottky diode with nanorods.(b) Schematic of the nanorod producing the enhanced 
electric field (ξγ ) at the apex.
 
 
In a 'hemisphere on the post model', the enhanced localised electric field at the apex (ξγ ) can be given 
by 
r
V
∂
∂
=γξ , where the voltage produced by the charge on the sphere is equal to 
r
q
V
opiε4
= . 
Therefore, 
r
V
=γξ
 
at the apex of the hemisphere on a post [21]. A macroscopic field of ξM is applied 
perpendicularly through the emitter plane. The macroscopic electric field in the nanorod can be 
considered similar to an electric field applied in a parallel plate arrangement. Therefore, the relation 
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between voltage V, length of the nanorod l and the macroscopic electric field is given as 
l
V
M =ξ . As 
a result, the enhanced electric field is equal to 
r
l
M ⋅= ξξγ .  
From the above definition, a theoretical field enhancement factor γa which describes the ratio of the 
enhanced localised electric field at the apex of the 'hemisphere on post' model and the macroscopic 
electric field (or ambient field) can be defined as: 
r
l
M
a =≈ ξ
ξγ γ  (3.25) 
The enhanced electric field at the apex of a nanorod can also be obtained by considering the 
'hemisphere on a plane' model [21]. As a potential difference is applied across the nanorod, the 
voltage drop across the hemisphere and nanorod can be examined separately. The 'hemisphere on a 
plane' model defines that the total field at the apex of hemisphere as [21]: 
( )θξξγ cos3 ⋅= M  (3.26) 
Using this equation, Nicolaescu et al. [22] extracted an approximation for the theoretical field 
enhancement factor as: 
( )θξξγ cos3+= rlM  (3.27) 
and results in a maximum value of γa = 3 + l / r . Therefore, by using this approximation, the 
theoretical field enhancement factor for the localised electric field at the tip of a nanorod can be 
expressed as: 
r
lm
M
a +== ξ
ξγ γ  (3.28) 
where m is a number between 0 to 3, depending on the observation angle [22]. For relatively large 
values of l / r  (high aspect ratios), m can be ignored. 
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3.3.3 
  
In the previous section, 
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Figure 3.10. An illustration of the curve fitting of the I
The procedure for the curve fitting can be described in several steps as below:
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2. The magnitude of the barrier height is adjusted to the value previously calculated. 
3. The carrier concentration, Richardson constant and theoretical enhancement factor are then 
adjusted in sequence until the plot of the nanostructured Schottky diode I-V equation 
resembles a close fit to the experimental I-V characteristics. 
3.3.4  Evaluation of Field Enhancement Factor from Field Emission  
   Measurements 
As discussed in this chapter, the author developed and presented the derivations of the electric field 
from nanoplatelets and nanorods as well as a curve fitting method to determine the field enhancement 
factor from the I-V characteristics. In this section, the author will present the theory, which describes 
the field emission properties from metal (or metal oxides) using field emission theory derived by 
Fowler and Nordheim [23, 24]. By measuring the emission properties directly from the nanostructured 
morphologies, Fowler-Nordheim theory can be used to extract an experimental field enhancement 
factor β. According to field emission theory, the J-E characteristic equation is given by: 








⋅
Φ⋅×
−
Φ
⋅×
=
E
EJ β
β 23322 1083.6
exp56.1  (3.29) 
where J is the current density (A/cm2), Φ is the work function of the metal oxide. If the ln(J/E2) curve 
follows a linear trend, it implies that the field emission properties from these nanostructures follow 
the Fowler-Nordheim (FN) equation [23, 24]: 
EE
J 11083.6ln
2
33
2 ×
Φ⋅×
−=





β  (3.30) 
As defined in the FN theory, the slope of the ln(J/E2) vs 1/E plot determines the enhancement factor β 
and the intercept varies with the effective emission area. 
Concluding, the author has presented the novel theory describing the electric properties of 
nanostructured metal oxides. In the next section, the gas sensing mechanism of Schottky diodes are 
explained and presented in detail. 
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3.4  Gas Sensing Mechanism of Schottky Diodes 
The gas sensing mechanism used to describe the operation of Schottky diode based gas sensors in this 
PhD thesis is based on the catalytic dissociation of gas molecules mechanism [25-28]. In a typical 
Schottky diode based gas sensor, a thin catalytic metal layer (generally group VIII transition metal 
such as Pt or Pd) is deposited over the semiconducting metal oxide (Figure 3.11). 
As the sensor is exposed to hydrogen gas, hydrogen molecules dissociate via a catalytic reaction on 
the transition metal surface and the reaction products may polarise and adsorb at the metal surface or 
spill over to the uncovered parts of the oxide surface [29-33]. In many cases, the dissociated H atoms 
diffuse through the transition metal and form dipoles at the metal-semiconductor interface [26, 27, 34-
36]. This dipole layer alters the electric field distribution at the contact causing a shift in its 
characteristics. Upon exposure to reducing gases, such as hydrogen, the sensors will exhibit a change 
in its I-V characteristics as shown in (Figure 3.11a). A lateral voltage shift towards lower voltages 
will be observed and means that more current flows through the device. For oxidising gases (such as 
O2), the curves will shift towards higher magnitudes of voltages making the sensor less conductive 
(Figure 3.11b). The gas response is measured as a change in the voltage output upon exposure to the 
target gas, when the sensor is biased at a constant current or a change in the current output when the 
sensor is biased at a constant voltage. 
In the reverse bias, the current density is dependent on the carrier density and electric field. These 
parameters greatly influence the reverse I-V characteristics of the nanostructured Schottky diodes and 
can be explained as below. 
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Figure 3.11. A typical structure of a conventional thin film Schottky diode based gas sensor and the voltage shift 
exhibited in the I-V characteristics when exposed to (a) reducing and (b) oxidising gases. 
 
As an electric field is applied through the nanostructured diode, the nanostructures adapt the ambient 
field to produce localised electric fields [18, 20]. This enhancement occurs in each individual 
nanostructure and is especially concentrated at their edges and corners. As the diode is exposed to a 
reducing gas such as hydrogen, the dissociated H atoms that diffuse through the catalytic metal causes 
the lowering of the barrier height and a build up of charge at the metal-semiconductor interface. This 
charge changes the electric fields at the interfaces (in the nanostructures) and is then significantly 
amplified at the tips, edges and corners. 
To represent this phenomena using the Schottky diode Equations (3.19) and (3.20), the effect of the 
exposure to hydrogen gas can be represented (in general) by the increase in the carrier density. At the 
tips, edges and corners of the nanostructured morphology, the effect of increasing the carrier density 
ND is amplified by the enhancement factor as per Equation (3.20) and results in a large voltage shift in 
the reverse I-V characteristics. Subsequently, the change in the reverse barrier height can be calculated 
using Equation (3.22) and the extrapolation method [1]. 
As the hydrogen source is depleted, or as the nanostructured Schottky diodes are exposed to oxidising 
gas, oxygen molecules dissociate into O atoms and diffuse through the catalytic metal, which causes 
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the depletion of charge at the metal-semiconductor interface. Respectively, this causes a decrease in 
the number of charged carriers ND, in Equation (3.20). The tips, edges and corners of the 
nanostructured morphology, amplify the effect of decrease in ND by the enhancement factor and 
results in a relatively large decrease in the reverse current density, which can be observed in the I-V 
characteristics. Furthermore, the reactions that occur at the surface of the metal oxides as they are 
exposed to hydrogen gas are shown in Equation (3.32) and (3.33). As the metal oxide surface is 
exposed to hydrogen, the gas reacts with the adsorbed O− and forms water. The electrons trapped by 
the oxygen adsorbates flow to the conduction band and this results in an increase in the overall carrier 
concentration in the metal oxide [26, 37]. 
               H2 (gas)  ⇌  H2 (adsorbed) (3.32) 
          H2 (gas) + O− (adsorbed) ⇌  H2O + e− (3.33) 
As the surface is depleted of hydrogen and exposed to air, oxygen molecules adsorb on the surface of 
the metal oxide and depletes the metal oxide of electrons to become adsorbed O2− as shown in 
Equation (3.34) and (3.35) and as a result decreases the overall carrier concentration. 
            O2 (gas)  ⇌  O2 (adsorbed) (3.34) 
     
  
  e−+ O2 (adsorbed)  ⇌  O2− (adsorbed) (3.35) 
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3.5 Summary 
In this chapter, the electrical characteristics of conventional and nanostructured Schottky diodes were 
presented. The reverse I-V characteristics of the nanostructured Schottky diodes were theorised to 
differ significantly from those conventional diodes. This is attributed to the enhanced localised 
electric fields emanating from the edges and corners of the nanostructured morphologies. 
The theories, assumptions and equations that are used to describe the formation of the Schottky 
barrier for the conventional and nanostructured Schottky diodes were explained through the use of 
energy-band diagrams. The effect of the interface states and image force lowering were also 
discussed. Subsequently, novel theoretical models were developed for the nanostructured Schottky 
diodes based on nanoplatelets and nanorods. The author showed that the field enhancement factor can 
be calculated by curve fitting the plot of the Schottky diode equations to the experimental reverse I-V 
characteristics. As the field enhancement factor can also be calculated directly from field emission 
measurements, using the Fowler-Nordheim equation. Lastly, the operating principles of conventional 
and nanostructured thin film Schottky diode based gas sensors were presented in this chapter.  
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 Chapter 4 
Fabrication of Nanostructured Thin 
Film Schottky Diode Based Sensors 
4.1 Introduction 
In the previous chapter, a theoretical study of the gas sensing mechanism and operation of 
nanostructured Schottky diodes were introduced and presented. In this chapter, the fabrication of 
nanostructured thin film Schottky diodes is described. The preparation and procedures used for 
cleaning and dicing the substrates, the formation of ohmic and Schottky contacts as well as the 
selection of materials as the gas sensing layer are explained. Different physical and chemical 
deposition techniques utilised to synthesise the nanostructured interfacial layer are also discussed in 
detail in this chapter. The Pt / nanostructured metal oxide / SiC / Ti / Pt structured Schottky diodes 
were fabricated. The n-type 6H-SiC substrates were employed and the nanostructured metal oxides 
include:  
• MoO3 nanostructures (nanoplatelets, nanoflowers, nanoplatelets-nanowires); 
• ZnO nanostructures (nanorods, nanograins, nanoplatelets-nanowires); 
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The author fabricated most of the Schottky diodes at the Microelectronics and Materials Technology 
Centre (MMTC) at RMIT University, Australia. The cleaning and preparation of the substrates were 
also carried out in a C1000 cleanroom at the MMTC. The Pt / ZnO nanoplatelets-nanowires / SiC 
diodes were fabricated in collaboration with Dr. Elisabetta Comini's group at the University of 
Brescia, Italy. The Pt / ZnO nanograins / SiC diode were fabricated jointly with Prof. Joohnee Kang's 
group from The University of Incheon, South Korea.  
This chapter is divided into seven different sections and will begin by introducing the growth 
mechanisms of nanostructured materials (Section 4.2). Section 4.3 will then discuss and explain the 
dicing, cleaning and preparation of the SiC substrates. The following sections will describe in detail 
the fabrication of the nanostructured Schottky diodes sequence, beginning with the formation of the 
ohmic contact (Section 4.4), the deposition of the nanostructured materials (Section 4.5) and then 
formation of the Schottky contacts (Section 4.6). A summary of this Chapter will be given in 
Section 4.7. 
4.2 Growth Mechanisms of Nanostructured Thin Film 
 Materials 
To deposit nanostructured materials via a 'bottom-up' approach requires the fundamental 
understanding of the growth mechanisms. Two of the most important aspects in the growth of 
nanostructured films are the initial nucleation process and the subsequent growth the nucleation sites 
on the substrates. The initial nucleation process is essential as it determines the growth morphology as 
well as the crystallinity of the nanostructured films [1-6]. There are three main models of film growth 
including: Frank-van der Merwe or Layer-by-Layer growth, Volmer-Weber or Island growth and 
Stranski-Krastonov or Island-Layer growth. A brief description of the three models is given [7]: 
(1) Frank-van der Merwe growth is classified as a layer-by-layer type growth, where the 
 incoming particles bond more strongly to the substrate than to each other. This results in the 
 formation of a complete monolayer before the formation of a second layer occurs. 
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(2)  Volmer-Weber growth occurs when the incoming particles are preferred to be more strongly 
 bonded to each other than to the substrate. Subsequent growth results in islands coalescing to 
 form a continuous film. 
(3) Stranski-Krastonov growth mechanism is a combination of Volmer-Weber and Frank-van der 
 Merwe mechanisms. This type of growth is volatile and is most common in the  formation of 
 nanostructured morphologies. 
Figure 4.1 shows a schematic illustration of the three basic models of initial nucleation in the film 
growth [7]. 
 
 
Figure 4.1. Illustrations of three basic models of initial nucleation in film growth. 
The aforementioned nucleation models and growth mechanisms are applicable to the formation of 
single crystal, polycrystalline and amorphous films, for inorganic, organic and composite materials. 
Whether the deposition is single crystalline, polycrystalline or amorphous, depends on the growth 
conditions as well as the conditions of the substrate. For the growth of single crystal films in this PhD 
research, the following factors were considered:  
(1) a single crystal substrate with a close lattice match; 
(2) a clean substrate surface to avoid possible secondary and random nucleation; and 
(3) a high growth temperature environment to provide sufficient sgrowth rate. 
1 2 3 
1st monolayer 2nd monolayer 3rd monolayer 
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4.2.1 Vapour-Solid (VS) Growth 
A deposition technique that uses the Vapour-Solid (VS) growth mechanism can be used to form  
2D nanostructures. A source material is commonly heated to a sufficient temperature, where it can 
eject as gaseous vapour. In a typical process, the vapour is generated by evaporation techniques; 
however other techniques such as chemical reactions can also be used to produce gaseous vapours [8-
14]. 
These gaseous vapours are subsequently transported through vacuum medium or by a carrier gas and 
condense onto the surface of a solid substrate and establishing the initial nucleation sites at a 
temperature lower than that of the source material. The bulk of the nanostructure then continues to 
grow from these nucleation sites. This process is shown in Figure 4.2. 
 
Figure 4.2. An illustration of VS growth process (from initial nucleation to continuous growth). 
In this PhD work, with proper control over this technique, nanostructured films were grown in 
moderately large quantities using VS growth. One of the most highlighted advantages of this 
technique is that it does not require a catalyst. A few parameters were changed to control the 
morphologies and crystallinity of the films in this thesis: 
(1) The various deposition temperatures applied; 
(2) the deposition investigated both in a pressurised vacuum or using a carrier gas flow and 
(3) the distance at which the substrates are placed from the source were altered to deposited the 
 many different forms of nanostructured films. 
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The author of this thesis, implemented the VS process for the deposition of MoO3 and ZnO 
nanostructured films. 
4.2.2 Vapour-Liquid-Solid (VLS) Growth 
Deposition techniques that use the VLS growth mechanism can grow 1D nanostructures and is 
strongly dependent on the metal catalyst used. It is advantageous as it relies greatly on the metal 
catalyst rather than on the substrate. This method is cost-effective and provides controllable growth of 
nanostructures. The principle steps in the VLS growth mechanism are shown in Figure 4.3. In a 
typical process, the metal catalyst (such as Au, Pt or Fe) is dissolved into a solution and coated onto 
the substrate surface. The solution with the atoms of the metal catalyst may segregate themselves to 
the surface of the substrate in order to minimise the overall free energy of the system. Liquid droplets 
of the prepared solution containing the metal oxide material are injected into the tube and vaporised at 
high temperatures. These vapours react with metal catalyst to initiate nucleation on the substrate 
surface.  As further vapours arrive, they condense and grow upon the nucleation site in a 1D direction 
forming structures such as nanowires and nanorods.  
 
Figure 4.3. An illustration of VLS growth process (from initial nucleation to continuous growth). 
 
In VLS, the nanowires and nanorods can grow from the top or the bottom of the catalyst cluster as 
shown in Figure 4.4.   
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Figure 4.4. An illustration of a nanowire / nanorod growth process by: (a) root growth, where the catalyst metal 
remains at the bottom and (b) float growth, where the catalyst metal is positioned at the top during the growth. 
 
The cross-sectional dimensions of these nanowires and nanorods can be determined from the 
dimensions of the catalyst clusters. It is possible to directly match the size of the clusters to the cross-
sections or by measuring the catalyst curvature [15]. The growth process will continue until the 
catalyst is consumed or evaporated during the growth or when the source material is depleted.  
4.3 Wafer Cleaning Process 
To fabricate the nanostructured based Schottky diodes, n-type 6H-SiC wafers (2 inch) were purchased 
from two different companies: Cree Inc. (USA) and Tankeblue Semiconductor Co. Ltd. (China). The 
SiC wafers specifications are presented in Appendix A. The n-type 6H-SiC wafers consisted of a 
<1100> orientation with a thickness of approximately 250 µm. 
The cleaning process is essential step in the fabrication process. The wafers are carefully cleaned by 
the author to remove unwanted particles, dust and other contaminate deposits made on the surface 
during the fabrication process. The wafers were firstly washed in semiconductor grade acetone for 5 
min to remove any oils, artefacts and organic impurities from both the polished and unpolished 
surfaces. This was followed by rinsing in isopropanol (semiconductor grade iso-2-propanol) for 2 min 
to dissolve any excess acetone remaining on the surface of the wafers. The wafers were then rinsed in 
de-ionised (DI) water and blown dry with nitrogen (N2) gas at room temperature. The native SiO2 
oxide layers on both the polished and unpolished surfaces of the SiC wafers were removed by etching 
(a) (b) 
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in 10% hydrofluoric acid (HF) (40%) + H2O, 1:2, for duration of 15 to 20 secs. Subsequently, the 
wafers were rinsed in DI water and dried with N2 gas at room temperature. 
4.4 Formation of the Ohmic Contact and Dicing 
The author devised a well planned process for the formation of the ohmic contacts an dicing the 
samples to the desired dimensions. The author chose to deposit titanium (Ti) as ohmic contact as it 
has high reactivity and adhesion to the surface of substrate materials such as SiC. Ti has also been 
well known to diffuse into SiC [16] making it suitable for the formation of a ohmic contact [17]. In 
addition, the Ti layer has low specific contact resistivity (approximately 10-4 Ωcm2) when deposited 
on SiC. The author annealed the deposited layers at high temperatures above 300°C to induce the 
diffusion of the metal particles into the substrate, to minimise the contact resistance at the interface 
between the substrate and the metal contact. Ti metal is highly reactive to atmospheric environments, 
which means it is highly susceptible to contaminates and oxidation. To ensure that the layer is 
maintained as pure as possible, it is common to deposit an additional non-reactive layer transitional 
metal such as Pt or Pd. 
In this PhD work, following the cleaning of the SiC wafers, the author chose to deposit a double metal 
Ti and Pt layers as these are most common metals used to form a simple ohmic contact. The metals 
were deposited onto the backside (unpolished side) of the wafers using electron beam evaporation. 
This technique has been known to deposit flat, smooth and uniform films, which follows Frank-van 
der Merwe growth [7, 18-21]. Such film growth was very precise and the thicknesses could be 
controlled down to resolutions of approximately one nanometer. The Ti/Pt metal layers deposition 
was performed using BalzersTM electron beam evaporator at the MMTC. 
A 40 nm thick Ti layer was first deposited onto the unpolished side of the wafer which immediately 
followed by a 100 nm thick layer of Pt as shown in Figure 4.5a. A noble transition metal Pt layer was 
deposited to prevent the oxidization of Ti during the annealing process. 
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A secondary cleaning process with HF was performed on the polished surface of the substrates 
following the deposition of the Ti and Pt metal. The high temperature environment during the 
formation process of the ohmic contact would likely cause the growth of a thin SiO2 native oxide 
layer on the surface of the polished side of substrates. If this thin layer was present, it may act as an 
insulator, which would trap charges between the interfacial layer and the substrate and would affect 
the overall electrical properties of the Schottky diodes. For the removal of the SiO2 layer, the backside 
of the substrates were firstly coated with a thin layer of AZ1512 photoresist and baked for 20 min. 
The substrates were allowed to cool to room temperature and then the native oxide layer on the 
polished side of the substrates was removed by etching in HF (10%) + H2O, for duration of 15 to 20 
sec. 
This ensured that the interfacial layer was deposited on a surface without the presence of the surface 
oxide layer. The AZ1512 photoresist coated on the backside of the substrates were carefully removed 
by dissolving in acetone for 5 min and rinsed with isopropanol, DI water and dried with N2 gas.  As 
soon as the cleaning procedures were completed, the fabrication of the interfacial layer (as will be 
discussed in Sections 4.5) was then immediately deposited to minimise surface contamination and 
build-up of the SiO2 layer. 
For the Pt / ZnO nanowire-nanoplatelet / SiC diodes fabricated at the University of Brescia, the SiC 
wafers were first diced into 3×3 mm square substrates using a Disco Dad 321 automatic dicing saw. 
The metal layers of 100 nm Ti and 100 nm Pt were then deposited by DC sputtering onto the 
unpolished side of the substrates through a shadow mask with a hole diameter of 1 mm. The 
sputtering parameters were set to: 50 W DC power; 100% Ar gas, 5×10-3 mbar working pressure. In 
this case, the formation of the ohmic contact was achieved by annealing the samples at 450°C in air 
for 4 hrs and then for another 2 hrs at 600°C. 
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4.5 Deposition of the Nanostructured Metal Oxide Materials 
This section will describe the fabrication of the nanostructured metal oxide materials in detail. The 
author deposited many nanostructured MoO3 films with different morphologies using thermal 
evaporation techniques. The evaporation-condensation technique was used for the deposition of 
nanostructured ZnO films. The deposition of ZnO nanorods and nanograins were achieved via RF 
sputtering and pulse laser deposition techniques, respectively. These techniques will be explained in 
their respective subsections. 
4.5.1 Deposition of MoO3 Nanostructures by a Thermal Evaporation 
  Technique 
The author chose Molybdenum trioxide (MoO3) as it is a n-type semiconducting material with a low 
melting point of 795°C [22] and a wide bandgap between 2.75 and 2.95 eV [23]. It is suitable material 
for both forming the gas sensitive layer and Schottky contacts. MoO3 materials are used in various 
applications including: sensors [24-31], catalysts [32-38], electrochromic [39-47] and photochromic 
devices [48-55]. 
In a nanostructured form, MoO3 is a remarkable material, which can be used to enhance the 
performance of gas sensors due to its high surface to volume ratio, reactive surface properties [56] and 
the surface energy [57]. There are many different methods to deposit nanostructured MoO3 films, they 
include for example: thermal evaporation [58, 59] hydrothermal synthesis [60], chemical vapour 
deposition [61], pulsed laser deposition [62, 63], chemical etching [32], RF and DC sputtering [59]. 
Many types of MoO3 nanostructured morphologies such as: nanobelts [64], nanowires [65], 
nanoflowers [60], nanorods [26] and nanoplatelets [66] exist and are widely researched. 
Thermal evaporation deposition is the most versatile of the many techniques as aforementioned and 
does not require a precursor or catalyst. It is also a quick and effective technique without the need for 
vacuum atmospheres and can grow a vast selection of crystalline nanostructures in a single deposition  
[67-72]. There are two known types of thermal evaporation. One deposition is carried out in a vacuum 
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bell jar system [65], while the other type takes place in horizontal tube furnace [66]. Both types of 
depositions commonly follow the Stranski-Krastonov growth to form nanostructured films. 
In this thesis, the author conducted thermal evaporation of MoO3 in a quartz tube furnace (Extech 
Equipment) by evaporating MoO3 powder (of 99.99% purity purchased from China Rare Metal 
Material) onto the polished side of the SiC substrates as shown in Figure 4.6. 
 
Figure 4.6. A schematic diagram of the evaporation deposition apparatus used in this PhD research. 
The MoO3 powder was weighed at 10 mg and placed on an alumina boat inside a quartz tube at the 
centre of a furnace, which was then heated at a temperature (Td) of 770ºC. The substrates were placed 
on alumina boat at a distance from source to substrate (dss) of 15 cm from the hot spot prior to the 
deposition as shown in Figure 4.7. 
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Figure 4.7. Photos of the tube furnace evaporation apparatus at the MMTC, RMIT University. 
The evaporation temperature was increased by heating the source at rate of 2ºC.min-1 to 770°C and 
maintained for duration (td) of 30 min. The temperature of the substrates reached ~450°C. The furnace 
was then allowed to cool at rate of 2ºC.min-1. A carrier gas mixture of 10% O2 and 90% Ar gas was 
allowed to enter into the quartz tube at a constant flow rate (Rf) of 700 sccm. Oxygen was added to the 
gas carrier to improve the formation of fully oxidized MoO3. The author designate this sample as 
specimen 'a'. The author varied the deposition parameters for the growth of different MoO3 
nanomaterials, which are shown in Table 4.1. The effect of the gas carrier was examined from 10% O2 
in 90% Ar balance to pure Ar in order study the MoO3 nanostructures of increased the conductivity by 
lowering the oxide content present in the MoO3. Specimen 'b', 'c' and 'd' were deposited to investigate 
the influence of the distance (from source to substrate, dss) at 10, 12.5 and 15 cm. The substrates were 
also placed at 17.5 and 20 cm for reference, however there was no growth of crystalline 
nanostructures at these distances. While keeping the deposition distance constant at 15 cm, 
specimen 'e' was deposited to investigate the effect the deposition temperature at 700°C and 850°C 
instead of 770°C. The effect on the deposition time, such as deposition duration (specimen 'f' and 'g'), 
and the gas carrier flow rate (specimen 'h' and 'i') were also studied to determine morphological 
differences of deposited nanostructures. 
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Table 4.1. Deposition parameters of MoO3 during the thermal evaporation process.  
Specimen dss (cm) Carrier gas Td (°C) td (min) Rf (sccm) 
a 15 10% O2, 90% Ar 770 30 700 
b 10 100% Ar 770 30 700 
c 12.5 100% Ar 770 30 700 
d 15 100% Ar 770 30 700 
e 15 100% Ar 850 30 700 
f 15 100% Ar 770 15 700 
g 15 100% Ar 770 60 700 
h 15 100% Ar 770 30 300 
i 15 100% Ar 770 30 900 
4.5.2 Deposition of ZnO Nanoplatelets-Nanowires by an Evaporation 
  Condensation (EC) Technique 
Currently, zinc oxide (ZnO) is one of the most researched semiconductor materials with a wide 
bandgap of 3.3 eV [73]. ZnO can be deposited into many nanostructured forms with many different 
crystallographic orientations which exhibit unique properties that benefit a wide range of applications 
such as gas sensors [74-79], catalysts [80-85], FETs [86], LCD's [87], UV light emitters [88, 89], field 
emitters [89-92], solar cells [93-95], and transistors [96]. Nanostructured forms of ZnO such as 
nanorods [78, 97, 98], nanowires [86, 93, 99], nanobelts [100], nanodots [101], nanofibres [73], and 
many other various morphologies [102] can be deposited using a number of different techniques 
including (but not limited to) molecular beam epitaxy [103, 104], thermal evaporation [67, 72, 73], 
chemical vapour deposition [105] and RF sputtering [106]. As bulk ZnO exists with a high melting 
point of 1975°C [22], a pure thermal evaporation deposition of this material will require extremely 
high temperatures. To reduce the dependence on temperature, evaporation-condensation (EC) 
deposition technique was chosen by the author as it is a favourable technique for the growth of 
nanostructured materials due to the fact that this technique relies greatly on a metal catalyst on the 
substrates, reducing the sole dependence on a source properties. The EC deposition follows the 
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vapour–liquid–solid (VLS) growth mechanism and in this PhD research, ZnO nanoplatelet-nanowires 
were deposited onto the SiC substrates via this technique. 
The deposition was performed in collaboration with Dr. Elisabetta Comini's group at the University of 
Brescia, Italy. The SiC substrates (Sterling Semiconductor) were firstly coated with RF sputtered 
metallic gold nanoparticles (5 nm in diameter) as a catalyst for the growth of ZnO nanostructures. The 
coated substrates were then placed at a distance in a colder zone of the furnace, which temperature 
was approximately between 400 and 500°C (Figure 4.8). The ZnO powder was placed at the hot spot 
in an alumina tube with temperature of 1370°C, which was located in a horizontal tube furnace. The 
temperature at the heater reached 1370°C after a duration of 1.5 hr. A carrier gas of Ar was allowed to 
flow into the tube furnace at 75 sccm (at a pressure of 104 Pa). The deposition process was conducted 
for the duration of 30 min. 
 
Figure 4.8. A schematic diagram of the evaporation-condensation deposition apparatus used to deposit the ZnO 
nanostructured layer in this research. 
4.5.3 Deposition of ZnO Nanograins by a Pulse Laser Deposition (PLD) 
  Technique 
Pulsed Laser Deposition is for many reasons a versatile technique. With this technique, the energy 
source is located outside the chamber and allows the chamber to maintain an ultrahigh vacuum. In the 
pursuit of different nanostructured morphologies, the author chose to use the PLD technique as it 
offers more control over the deposition and the deposited material differs greatly from the thermal 
evaporation technique. The PLD deposition generally follows the Frank-van der Merwe growth 
Chapter 4 Fabrication of Nanostructured Thin Film Schottky Diode Based Sensors 78 
mechanism and a pulsed laser, usually in the ultra-violet (UV) wavelength, is used to ablate a target 
and a plasma plume is formed by the ejected material. This plume expands away from the target 
surface and interacts with the chamber atmosphere until it reaches the substrate, where it is deposited 
and can produce very accurate films with a control of thickness down to several nanometres.  A 
schematic diagram of the PLD apparatus used for the deposition of the nanostructured layer for this 
PhD work is illustrated in Figure 4.9. 
In this thesis, the PLD was performed in collaboration with Prof. Joohnee Kang's research group at 
The University of Incheon, South Korea. A photo of the deposition system is shown in Figure 4.10. 
The process was carried out by striking a high power pulsed laser beam onto a 99.99% pure ZnO 
target. The material was then vapourised from the target and deposited onto the SiC substrates 
(Tankeblue Co.) in order to fabricate the nanostructured film. The ArF excimer laser was operated at a 
wavelength of 193 nm to excite the ZnO target. A shorter wavelength causes the adsorption 
coefficient to increase and therefore the deposited density of the particles decreases. The distance 
between the laser to the target was 96.5 cm to minimise the power loss. The distance from the target 
to the substrate was 5.6 cm. To improve the film uniformity, the substrate was rotated at 3 rpm and 
the target was also rotated at 17.5 rpm. The ArF laser pulse energy was maintained at 230 mJ/pulse at 
a rate of 5 Hz throughout the deposition. The temperature of the substrates was 300°C and the 
pressure in the chamber was maintained at 200 mTorr. 
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Figure 4.9. A Schematic diagram of the PLD deposition apparatus used in this research. 
 
 
Figure 4.10. A photo of the Pulse Laser Deposition (PLD) apparatus and the ArF laser source at Incheon 
University, South Korea. Insets shows the back of the chamber and a photo of the plasma plume during the 
deposition. 
4.5.4 Deposition of ZnO Nanorods by a RF Magnetron Sputtering  
   Technique 
Sputtering is one of the most common and simplest forms of VS deposition techniques can be widely 
applied to deposit the metals, semiconductors and insulator materials. The advantage of this 
deposition technique is that even materials with very high melting points are easily sputtered, while 
evaporation of these materials is extremely difficult to perform. Sputtered films typically have a better 
adhesion on the substrate than the evaporated films and unlike the PLD technique, sputtering does not 
require an external source to ablate the target. In this technique, charged gaseous particles typically 
Ar+ bombard the target, ejecting the source material through a vacuum medium, and deposit onto the 
substrates. Sputtering relies on the vacuum in the range of 10-6 to 10-7 Torr or less for ideal operation 
and the process can be conducted under two different modes: direct current (DC) and RF sputtering. 
In DC sputtering, the magnetron sources utilise strong electric and magnetic fields to trap electrons 
close to the surface of the target. The advantage of the fluctuating source in RF sputtering is to 
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minimise the charge build-up on insulating target materials (such as metal oxides) with the use of an 
alternating source, where the anode-cathode bias is varied at a high rate. In addition, non-conducting 
targets can also be used in the deposition process using the alternating RF source. In this mode and at 
moderate RF powers, it is likely that Volmer-Weber growth occurs and the deposition thicknesses can 
be controlled down to resolutions of several nanometres. A schematic of the sputterer is shown in 
Figure 4.11.  
The RF sputtering deposition of ZnO was carried out by the author at RMIT University, Australia 
using a 99.99% pure ZnO target. The average deposition rate was ~2 nm.min-1. The sputtering system 
at the MMTC is shown in Figure 4.12. The sputtering power was set to 100 W. The sputtering gas 
was 40% O2 in Ar balance, using a working pressure of 2×10-5 mbar (10×10-3 Torr). The target to 
substrate distance was 60 mm and the SiC substrates (Cree) were heated to 260°C. The pre-sputtering 
time was set at 20 min. 
 
Figure 4.11. A schematic diagram of the typical RF sputtering deposition apparatus at the MMTC. 
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Figure 4.12. A photo of the RF sputtering system at the MMTC. 
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4.6 Formation of Schottky Contact by Precision Etching 
 Coating System 
There have been much emphasis and research on the physical and chemical structures of different 
metal electrodes of metal oxide semiconductor (MOS) type devices in the field of gas sensors [107]. 
The selection of the material for the Schottky contact was discussed in Chapter 2.  
A stainless steel shadow mask with a 1 mm diameter hole in the centre was prepared and cleaned with 
acetone and isopropanol. It was carefully placed onto the  nanomaterials deposited on the SiC 
substrates using carbon tape prior to the deposition of the Schottky contact. Careful attention was paid 
to prevent the mask from scratching the surface of the nanomaterials. 
The formation of the Schottky contact was conducted by the deposition of Pt onto the nanostructured 
metal layer using a Gatan 682 PECS™ sputterer as shown in Figure 4.17. The sputterer guns were set 
to 612 µA aimed at the Pt target (Part no. 681.10065), which provided an average deposition rate 
between 1.4 to 2.6 nÅ/sec. The deposition was conducted at an operating pressure of 6×10-5 Torr 
(8×10-3 Pa) in Ar gas and the sample was rotated at 10 rpm to ensure a uniform coating. Using the 
shadow mask, the sputterer deposited circular pads of Pt with diameter of 1 mm and thickness of 
approximately 30 nm on the nanostructured  layers were obtained. 
 
Figure 4.13. Schematic diagram of the deposition of Pt as the Schottky contact. 
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For the Pt / nanostructured ZnO / SiC diodes fabricated via the VLS method in collaboration with The 
University of Brescia, a circular pad of Pt with an approximate diameter of 1 mm and thickness of 
100 nm was deposited via the DC sputtering technique onto the nanostructured ZnO to form the 
Schottky contact. The sputtering conditions were: 50 W DC power; 100% Ar process gas; operating 
pressure of 5×10-3 mbar. 
4.7 Summary 
In this chapter, the author outlined the processes that is used for fabricating the nanostructured thin 
film Schottky diodes. The growth processes were explained in detail and the formation of  the Ti/Pt 
ohmic and Pt Schottky contacts were presented. The deposition of the nanostructured materials and 
the techniques used for the deposition were also explained. A list of the developed nanostructured 
Schottky diodes are shown in Table 4.2.  
Thermal evaporation, was investigated for the deposition of nanostructured ZnO as it is as a quick, 
simple and low cost technique. ZnO was also deposited by sputtering and PLD so the nanostructured 
films could be compared. In thermal evaporation, it is important to consider the many deposition 
parameters, which can result in the deposition of a large variety of crystalline nanostructures. The 
author decided to examine MoO3, a more versatile material with a low melting point and selected the 
thermal evaporation deposition parameters such as the source to substrate distance, the carrier gas, the 
evaporation temperature, the deposition duration and the gas flow rate. 
The next chapter will present the characterisation of these nanomaterials with respect to their 
morphological and crystallographic structures as well as their stoichiometric compositions using 
different characterisation techniques. 
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Table 4.2. List of the developed nanostructured Schottky diodes. 
 
 
a RMIT University (MMTC, School of Electrical and Computer Engineering) 
b University of Brescia, Italy 
c University of Incheon, South Korea 
 
  
Nanostructured material Deposition technique Substrate Schottky 
contact 
Ohmic 
contact 
MoO3 nanoplatelets Thermal Evaporationa 
3×3 mm2
 
SiC 
(Cree Inc.)
 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm) a 
MoO3 nanoplatelets-nanowires Thermal Evaporationa 
3×3 mm2
  
SiC 
(Cree Inc.)
 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm)a 
MoO3 nanostructure Thermal Evaporationa 
3×3 mm2
  
SiC 
(Cree Inc.)
 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm)a 
MoO3 nanoflowers Thermal Evaporationa 
3×3 mm2
  
SiC 
(Cree Inc.)
 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm)a 
ZnO nanoplatelets-nanowires Evaporation-Condensationb 3×3 mm
2
  
SiC 
(Sterling Semiconductor)
 
Pt 
(100 nm)b 
Ti/Pt 
(100/100nm)b 
ZnO nanograins Pulse Laser Depositionb 3×3 mm
2
  
SiC 
(Sterling Semiconductor)
 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm)c 
ZnO nanorods RF Sputteringa 3×3 mm
2
  SiC 
(Cree Inc) 
Pt 
(30 nm)a 
Ti/Pt 
(40/100nm)a 
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 Chapter 5 
Micro-Nano Characterisation 
5.1 Introduction 
In this chapter, a description of the characterisation techniques, which were utilised to characterise 
and analyse the nanostructured materials developed in this PhD research, as the interfacial sensing 
layer, will be presented. The nanostructured materials were deposited with many different surface and 
structural morphologies. The materials were grown with different types of crystallographic structures 
in different directions as well as with different stoichiometric compositions. The structural and 
material properties of the nanostructures can greatly influence the gas sensing performance, therefore 
they need to be characterised and examined. In this thesis, nanomaterials are characterised to assess 
three important characteristics: the morphological, crystallographic and compositional structures. The 
author used several different techniques for the study of the developed nanomaterials (as presented in 
Chapter 4) and organised this chapter into five different sections to explain them. 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques are used to 
characterise the surface morphology of the nanomaterials and are introduced in Section 5.2. X-Ray 
diffraction (XRD) and transmission electron microscopy (TEM) techniques are used to identify the 
internal crystallographic structure and are described in Section 5.3. The stoichiometric compositional 
of the nanomaterials can be obtained by X-ray photoelectron spectroscopy (XPS) as described in 
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Section 5.4. Subsequently, the characterisation results of the developed MoO3 and ZnO 
nanostructured metal oxides were examined and are presented in Section 5.5. A summary of the 
results are given in Section 5.6 to complete this chapter. 
5.2 Structural Characterisation Techniques 
5.2.1 Scanning Electron Microscopy (SEM) 
SEM is currently one of the most versatile and widely utilised techniques in the characterisation of 
nanomaterials. It provides morphological and structural information at a nanoscale resolution, which 
is accomplished by scanning an electron beam across a specimen and detecting the secondary 
electrons deflected from the surface as shown in Figure 5.1.  
 
Figure 5.1. A schematic diagram of a typical scanning electron microscope (SEM) apparatus 
 
SEM has been accepted as one of the standard characterisation techniques as it can be operated with 
several modes of imaging such as field free, immersion and energy dispersive X-ray spectroscopy 
(EDX). Throughout this PhD thesis, the secondary electron imaging mode was used for the SEM 
characterisations of the nanomaterials. SEM is predominantly used to study the surfaces of 
nanostructured thin films up to three million times magnification. In nanostructured metal oxide based 
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sensors, the characterisation of the nanostructured surface morphology is important as it strongly 
influences the gas sensing performance; therefore the information acquired from SEM images can be 
correlated to the parameters of the sensors fabricated in this course of this PhD research. 
In this PhD thesis, the author utilised a FEI NovaNano SEM at the Applied Physics Department, 
RMIT University to conduct SEM characterisations. The author examined the surface morphologies 
of the deposited nanostructures and extracted information based on the distribution of the 
nanostructures on the surface, and their structural dimensions in terms of length, width and shape. 
5.2.2 Atomic Force Microscopy (AFM) 
There are nanomaterials, which have relatively very smooth surfaces, that cannot be observed by 
SEM and require characterisations by AFM to image the morphological surface. AFM is currently one 
of the most applied instruments for imaging and mapping isolative, conductive or organic surfaces at 
the nanoscale. The AFM can be operated in several different modes. The most common is the 
'tapping' mode, where the cantilever is driven to oscillate up and down near its resonance frequency 
by a small piezoelectric element mounted in the AFM tip holder. The tip (as shown in Figure 5.2) 
performs a raster scan across the surface. An AFM image is formed in three dimensions by measuring 
the attractive or repulsive forces between a scanning probe tip and the specimen surface.  
 
Figure 5.2. A schematic diagram of a typical atomic force microscope (AFM) apparatus. 
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In this thesis, AFM was performed with a Nanoscope III atomic force microscope (Digital Co. 
Instruments, USA) using a normal silicon nitride tip (125  µm) at the Department of Chemistry, RMIT 
University. The nanomaterials' surface morphology characteristics (grain size and surface roughness) 
were measured at room temperature.  
5.3 Crystallographic Characterisation Techniques 
5.3.1 X-Ray Diffraction (XRD) 
XRD is one of the well known characterisation techniques, which identifies the crystallographic 
phases in an examined specimen. A typical XRD instrument produces a collimated beam of X-rays at 
a wavelength ranging from 0.7 to 2 Å directed into the surface of a specimen at an incident angle and 
a proportion of the X-rays are diffracted to a detector (as shown in Figure 5.3) and then produce a 
pattern called a diffractogram.  
 
Figure 5.3. A schematic diagram of a typical X-ray diffraction (XRD) apparatus. 
 
The acquired diffractogram is a fingerprint of the specimen and can be compared to the standard XRD 
library CADD files and other reference patterns in literature to identify which crystallographic plane 
is present. Each diffracted X-ray signal corresponds to a coherent reflection, which by theory is called 
Bragg reflection from consecutive crystallographic planes (which Bragg’s Law) [1]. 
In this thesis, the crystalline phases of the deposited nanostructured materials were examined by the 
author using a Bruker AXS D8 Advance Wide Angle X-ray diffraction instrument and a Bruker AXS 
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D8 Discover with GADDS micro-diffraction instrument at RMIT University. The data was collected 
at room temperature using CuKα radiation source (1 = 1.54178 Å) at a potential difference of 40 kV 
and a current of 40 mA. The results were filtered with graphite monochromatic in the parallel mode 
(175 mm collimator with 0.5 mm pinholes). 
5.3.2 Transmission Electron Microscopy (TEM) 
TEM is performed to reveal the internal morphology and structure of individual fragments of a 
nanomaterial specimen. The preparation of the specimen for the TEM analysis is extremely vital to 
this characterisation technique. Individual nanostructures are generally imaged onto a fluorescent 
screen from the interaction of the electrons transmitted through the specimen. One of the main 
advantages of the TEM is that it can achieve resolutions tens-of-thousands times smaller than the 
smallest resolvable object from a light microscope due to the small de Broglie wavelength of 
electrons. In a TEM apparatus, a source is located at the top of the microscope and emits electrons 
that travel through vacuum in the column of the microscope as shown in Figure 5.4. The TEM uses 
electromagnetic lenses as well as electrostatic plates to focus the electrons into a narrow beam that 
travels through the specimen. Electrons are scattered and deflected at the bottom of the microscope, 
the unscattered electrons hit a fluorescent screen to produce a "shadow image" of the specimen. 
 
Figure 5.4. A schematic diagram of a typical transmission electron microscopy (TEM) apparatus. 
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In this PhD thesis, for the TEM characterisation, the nanostructured materials were carefully dipped 
into a beaker of DI water causing the nanostructures to separate from the substrate and remain on the 
surface of water. A carbon TEM grid was dipped into the DI water and utilised to collect the 
nanomaterials from underneath, resulting in the harvest of nanostructures on the surface of the TEM 
grid. The grids were left to dry for approximately 24 hours before the TEM analysis were performed. 
The preparation procedure of a specimen for TEM analysis was performed carefully to minimise 
contamination. The author inserted the prepared grids into a Jeol 1010 TEM (2001). During the 
characterisation procedure, a Gatan CCD camera on a RHEED stage and a Jeol 2010 TEM /STEM 
(1990) with Link Si (Li) X-ray detector fixed with a Gatan Image Filter (2001). 
5.4 Compositional Characterisation Techniques 
5.4.1 X-ray Photoelectron Spectroscopy (XPS) 
XPS is accepted as one of the most valuable techniques for high resolution stoichiometic 
quantification of chemical and electronic states, which identifies of the elements in the first few 
atomic layers of a specimen. The chemical elements in the specimen's surface, the chemical 
composition and empirical formulae can be acquired through this technique. 
Based on the photoelectric effect, X-rays striking a specimen's surface cause a stimulation of 
photoelectrons to be ejected from a material. The ejected photoelectrons are detected at different 
intensities and can be plotted with respect to their binding energies. The peak positions and shapes 
correspond to the material’s electron shell configuration, elements and compounds. Each element 
exhibits its own unique characteristic peaks. Therefore, the acquired XPS spectrum can be correlated 
to reference spectra from known databases or from literature. 
In this thesis, XPS analysis was performed at the department of Applied Physics at RMIT University 
via a Thermo K-Alpha spectrometer by irradiating the nanomaterials with a beam of X-rays from Al 
(Kα = 1486.58 eV). Ten scans were performed. The charging was minimised using a low energy 
electron and ion flood gun. Individual peaks were scanned at 50 eV pass energy. The binding energy 
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(BE) scale was calibrated by measuring a known carbon standard and calibrating its reference peak of 
C to 285.0 eV. 
5.4.2.  Energy Dispersive X-ray (EDX) 
The elemental composition of a nanomaterial can also be obtained from the EDX technique. EDX is 
quick and efficient and it is a complementary characterisation technique to XPS, which acquires 
elemental information at high resolutions. During the characterisation process, the specimen surface is 
bombarded with an electron beam and the electrons of the atoms in the specimen's surface are ejected 
from their orbits resulting in electron vacancies in their inner shells. These electron vacancies are 
filled by the electrons from outer shells and X-rays are emitted with discernable and discrete energies, 
which are released through the stimulated emission phenomena and are detected. The number of X-
rays released by the repositioned electrons is plotted with respect to their discrete energy. The peaks 
in the plot are unique and correspond to the electron shell of an individual atom, which can identify 
the element present in the specimen.  
In this thesis, the EDX characterisation of the nanomaterials was performed by the author at the 
Department of Applied Physics at RMIT University. 
5.5 Characterisation Results of Nanostructured Films 
5.5.1 MoO3 Nanostructures Deposited by Thermal Evaporation  
   Technique 
MoO3 nanostructures deposited by the author using thermal evaporation technique (as previously 
discussed in Chapter 4) were characterised using SEM, XRD and TEM techniques. 
The sample which was deposited at a source-substrate distance of 15 cm was observed with a MoO3 
nanoplatelets morphology (specimen 'a') and is shown in Figure 5.5a. A deposition temperature of 
770°C was used and a 10% O2 in Ar gas carrier was allowed to flow through the tube furnace at 
constant rate of 700 sccm during the evaporation process.  
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The author also deposited different MoO3 films using a carrier gas of pure Ar in attempt to increase 
the conductivity of the MoO3 films by lowering the oxide content. Figure 5.5b shows the surface 
morphology of specimen 'b' which comprises of elongated nanobelts and highly packed 
nanostructures, which were grown at a source-substrate distance of 10 cm. Specimen 'c' was grown at 
a distance of 12.5 cm, and a cubular-like nanostructured morphology was seen (Figure 5.5c). By 
deposition at a distance of 15 cm, the surface morphology (specimen 'd') was found to comprise of 
MoO3 nanowires and nanoplatelets stacked in a tower formation as seen in Figure 5.5d. Further MoO3 
nanostructured films were deposited at distances greater than 15 cm. However they did not produce 
surface morphologies that were crystalline and were excluded from this work. 
The author then investigated the effect of the deposition temperature in order to make the films less 
oxidised by using a temperature of 700°C. The source-substrates distance was maintained at 15 cm as 
it was found as an ideal distance for the growth of nanocrystalline MoO3. However, it was found that 
the deposition temperature was insufficient to form nanocrystalline morphologies and most of the 
MoO3 powder at the source remained unevaporated at this temperature. By increasing the deposition 
temperature to 850°C, growth of randomly orientated nanoplatelets (specimen 'e') was observed and is 
shown in Figure 5.5e. 
The author also investigated the effects of deposition duration on the growth of nanostructured MoO3. 
The SEM image of the MoO3 film (specimen 'f') which was deposited for a duration of 15 min 
showed growth of random nanoplatelets and nanowires as seen in Figure 5.5f. In contrast, by 
increasing the deposition duration to 60 min, specimen 'g' showed nanoflower morphology as can 
shown in Figure 5.5g.  
The deposition flow rate was reduced to 300 sccm (specimen 'h') to observe the effects of 
coalescence. The micrograph in Figure 5.5h showed the growth of randomly grown nanostructures, 
which indicated insufficient deposition rate for the growth of crystalline structures. Therefore, the 
flow rate was increased to 900 sccm (specimen 'i'), where thin nanoplatelets in a densely packed 
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formation of nanoflowers was observed as shown in (Figure 5.5i). The list of morphologies and 
dimensions of the deposited MoO3 films are shown in Table 5.1. 
 
Figure 5.5. SEM micrographs of the MoO3 nanostructures deposited by thermal evaporation based on the 
deposition conditions as summarised in Table 4.1 (insets show the micrographs at high magnification). 
 
In this PhD thesis, four specimens: 'a', 'd', 'e', and 'i' were considered for gas sensing applications as 
their dimensions and thicknesses exist on the nanoscale. These specimens consist of sharp edges, tips 
and corners, which the author can anticipate to exhibit a significantly large change in sensitivity upon 
exposure to target gases. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
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(h) 
 
(i) 
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Table 5.1 List of morphologies and dimensions of the deposited MoO3 nanostructures. 
Specimen Surface Morphology Average Dimensions (widths, lengths) 
Average Thickness of 
Nanostructure 
Average Film 
Thickness 
a Nanoplatelets 2 µm to 3 µm 50 to 500 nm 3 µm 
b Elongated Nanobelts 15 to 20 µm 1 µm 20 µm 
c 
Cubular-like 
Nanostructures 1 µm, 5 µm 1 µm 5 µm 
d (1) Nanoplatelet towers and (2) Nanowires 
(1) 300 to 500 nm 
(2) 2 to 3 µm 
(1) up to 500 nm  
(2) 100 nm diameter 3 µm 
e 
Randomly Orientated 
Nanoplatelets 2 to 5 µm 250 nm 3 µm 
f Random Nanoplatelets and Nanowires 2 to 3 µm 150 nm 2 µm 
g Nanoflowers 500 nm to 1 µm 100 nm 5 µm 
h Random Nanostructures 200 nm − 200 nm 
i Nanoflowers 500 nm 50 nm 3 µm 
 
 
    
Densely packed structures such as specimen 'c' are likely exhibit properties similar to that from bulk 
materials as high surface to volume ratios are not seen. Microstructures with large dimensions 
(specimen 'b') were not examined in this thesis. Randomly orientated structures (specimens 'f' and 'h') 
were also not studied as they do not exist with a distinctive morphology that can be clearly identified.  
Specimen 'g', was characterised with a nanoflower morphology, which consists of sharp high aspect 
ratio petals. However, the structures could easily break during the electrical testing procedure and 
therefore they were not studied in detail. The author selected to investigate the MoO3 specimens 'a', 
'd', 'e' and 'i' in this thesis and they were characterised by XRD and TEM to determine and understand 
their crystallographic structure and XPS was utilised to characterise their stoichiometric composition. 
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5.5.1.1 MoO3 Nanoplatelets 
The micrograph of specimen 'a' as shown in Figure 5.5a reveals nanoplatelets with side dimensions 
ranging from 2 to 3 µm and thicknesses between 50 and 500 nm. The inset of Figure 5.5a reveals that 
the corners of the platelets are atomically sharp and rigid. 
The XRD diffractogram of MoO3 nanoplatelets is shown in Figure 5.6. XRD characterisation reveals 
the presence of orthorhombic MoO3 structure. The pattern indicates the presence of (020), (110), 
(040), (021), and (060) orientations at the angles of 12.73°, 22.33°, 25.71°, 27.34°, and 38.87° (2θ), 
respectively. The nanoplatelets were identified to be nonstoichiometric as they exhibited both the 
(0
 
k 0) and (0
 
k
 
1) orientations representing an α-β mixed phase of MoO3 due to the deposition at 
temperatures above 300°C [2]. It should be highlighted that XRD was obtained with the presence of 
the Pt contact (Schottky contact). 
 
Figure 5.6. XRD diffractogram of the MoO3 nanoplatelets (specimen 'a'). 
 
Characterisation of the MoO3 nanoplatelets using XPS analysis revealed the presence of Mo3d3 and 
Mo3d5 binding energy peaks at 232.88 and 236.08 eV, respectively and is shown in Figure 5.7a. The 
positions of these peaks verify the presence of MoO3 as correlated to MoO3 deposited by thermal 
evaporation by other researchers [3-12]. 
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Figure 5.7. XPS binding energy plots of the (a) Mo and (b) O peaks of the MoO3 nanoplatelets. 
5.5.1.2 MoO3 Nanostructures 
The SEM micrograph in Figure 5.5d shows the morphology of the MoO3 nanoplatelets-nanowires in 
specimen 'd'. The nanoplatelets have thicknesses up to 500 nm, lengths and widths from 300 to 
500 nm and are stacked in a tower formation with side lengths ranging between 500 nm to 1 µm and 
their heights range from 1 µm to 3 µm. The presence of nanowires was also observed with diameters 
between 25 to 100 nm, and lengths ranging from 500 nm to 3 µm. The specimen 'e' nanostructures 
were examined by SEM, which showed randomly orientated nanoplatelets with dimensions ranging 
between 2 to 5 µm with presence of no nanowires as shown in Figure 5.5e. As the result of elevating 
the deposition temperature to 850°C, the growth of the larger structures was observed that can be 
attributed to Ostwald ripening behaviour [13, 14]. Figure 5.5i shows the surface morphology of 
specimen 'i'. The surface is considered a nanoflower like morphology constructed from nanoplatelets 
with dimensions from 500 nm to 1 µm. These morphologies were further examined by XRD and 
TEM as explained below. 
The XRD diffraction patterns of the specimens 'd', 'e' and 'i' are shown in Figure 5.8a, 5.8b and 5.8c, 
respectively. All of the three specimens showed the presence of crystallographic planes common at 
(020), (110), (130) and (141). Specimen 'd' comprises additional crystallographic planes (040), and 
(021), while specimens 'e' and 'i' are found to have additional (040), (150), (221) and (002), (221) 
planes, respectively. 
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The crystallographic peaks in the diffractograms correspond closely to the MoO3 card file ICDD No. 
[05-0508] suggesting the lattice parameters a, b and c as 3.962, 13.85 and 3.697 Å, respectively. 
These results are similar to the MoO3 nanowires reported by thermal evaporation in a bell shape jar 
system [11, 15]. The XRD analysis verified the presence of orthorhombic crystal lattice structure, 
which is highly desirable when the MoO3 nanostructures are heated continuously to high temperatures 
up to 300°C as compared to amorphous materials. 
 
Figure 5.8. XRD diffractograms of the MoO3 nanostructures (a) specimen 'd', (b) specimen 'e' and  
(c) specimen 'i'. 
 
Subsequently, the characterisation of the crystallographic structure on the MoO3 nanostructures of 
specimen 'd' and 'e' were analysed by TEM. The TEM micrographs of a selected area are shown in 
Figure 5.9a and Figure 5.9b, respectively. The selected area electron diffraction (SAED) patterns of 
the specimens (as shown in the inserts) suggests an orthorhombic crystal structure with planes 
(0 1 −1), (1 −1 0) and (1 0 −1) in the x, y, z direction, respectively. 
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Figure 5.9. TEM images of MoO3 from (a) a nanoplatelet from specimen ‘d’, (b) specimen 'e' edge of a 
nanoplatelet and (c) specimen 'i' (insets show the SAEDs) 
 
The plots of the XPS binding energy spectrum of the MoO3 specimens 'd', 'e' and 'i' are shown in 
Figure 5.10a, b and c, respectively. All three plots indicate presence of a Mo3d3/2 and Mo3d5/2 peak at 
~233 eV and ~236 eV, respectively. The locations of these peaks correspond to the Mo as MoO3 
rather than of Mo metal, where the Mo3d3/2 and peak exists at 228.03 eV [12, 16-21]. 
The author has presented the characterisation of the deposited MoO3 nanostructure films in this 
section. The four selected films were found to be of orthorhombic structure with a stoichiometry of 
that of MoO3. In next section, the characterisation of ZnO nanoplatelets-nanowires deposited by an 
evaporation technique is presented. 
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Figure 5.10. XPS binding energy plots of the MoO3 nanostructured films. Mo3d and O1s peaks corresponding 
to the nanoplatelets-nanowires is shown in (a) and (b), randomly-orientated nanoplatelets is shown in (c) 
and (d), and nanoflowers is shown in (e) and (f), respectively. 
 
5.5.2 ZnO Nanoplatelets-Nanowires Deposited by Evaporation  
  Condensation (EC) Technique 
The characterisation of the ZnO nanostructures deposited by an EC technique was performed by 
SEM, EDX and TEM techniques. A SEM micrograph (Figure 5.11a) shows that the surface 
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Figure 5.15. EDX spectrum of the ZnO nanostructures deposited on SiC. 
5.5.3 ZnO Nanograins Deposited by Pulse Laser Deposition (PLD)  
  Technique 
ZnO nanograin films deposited by the PLD technique were characterised by SEM and XRD 
techniques. A SEM micrograph is shown in Figure 5.16 (inset showing the nanograins on 100 nm 
scale). The figure shows a nanograins with an average diameter of ~30 nm. Using a profilometer, the 
thickness of the deposited ZnO nanograin film was measured as ~50 nm. The inset of Figure 5.16a 
was captured into ImageJ for statistical analysis software (National Institutes of Health) as shown in 
Figure 5.16b and therefore an average surface grain density of ~1500 grains.µm-2 was calculated. The 
average surface area of each grain was found as ~650 nm2, therefore the average diameter was 
calculated as ~30 nm verifying the diameter as seen in the SEM. 
 
Figure 5.16. (a) SEM micrograph of the ZnO nanograins deposited by the PLD technique and (b) the captured 
SEM image as processed by ImageJ software. 
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A qualitative analysis was performed by XRD, which classifies the presence of wurtzite structured 
ZnO nanograins as similarly reported in literature [22]. The presence of crystal growth in the main 
direction of (002) plane is shown in the XRD diffractogram in Figure 5.17. The presence of large SiC 
peaks in the spectra likely suggests Volmer-Weber growth of ZnO nanograins as the film coverage 
was not entirely uniform. 
 
Figure 5.17. XRD diffractogram of the ZnO nanograins deposited by PLD technique. 
The stoichiometric composition of the ZnO nanograins was characterised by XPS. The binding energy 
plots of the Zn2p and O1s peaks are shown in Figure 5.18a and 5.18b, respectively. The Zn2p3/2 peak 
is seen at ~1021 eV which is similar to ZnO films deposited by PLD from other authors [23-32]. The 
Zn2p3/2 peak exhibits a symmetric shape centred at 1023.08 eV, which corresponds to Zn–O bonds in 
ZnO [33, 34]. 
 
 
Figure 5.18. XPS binding energy plots of the ZnO nanograins showing the (a) Zn2p3/2 peak and (b) O1s peak. 
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5.5.4 ZnO Nanorods Deposited by RF Magnetron Sputtering    
Technique 
The RF sputtered ZnO nanorods films were characterised by SEM, AFM and XRD. Analysis by SEM 
revealed a nanorod surface morphology with a diameter of ~70 nm as shown in Figure 5.19a. The 
cross-sectional SEM as depicted in the inset of Figure 5.19b illustrates the nanorods with lengths of 
~1 µm. A SEM micrograph (Figure 5.20a) of the nanorod surface at 45° to the normal shows that the 
diameter of a nanorod is ~68 nm. Figure 5.20a was captured into ImageJ as shown in Figure 5.20b 
and the average surface area of each nanorod was calculated as ~3755 nm2. Hence, the average 
diameter of a nanorod was calculated as ~70 nm verifying the diameter observed by the SEM. 
 
Figure 5.19. (a) SEM micrograph of the ZnO nanorods deposited by RF sputtering (inset showing cross-section 
of the nanorods) and (b) SEM of the nanorods taken at 45° to the normal. 
 
To study the surface of the nanorods (in particular the nanorod tips) in a greater detail, the surface 
morphology of the ZnO nanorod film was also characterised by AFM as shown in Figure 5.26a. This 
study confirmed the presence of curved tips conducive for the presence of enhanced localised electric 
fields as discussed in Chapter 3. 
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Figure 5.21. (a) AFM of the surface of nanorods over an area of 1×1 µm2. (b) 2D map of the surface 
morphology and (c) cross-sectional image of the 2D surface morphology. 
 
Figure 5.22. XRD diffractogram of the ZnO nanorods deposited by RF sputtering. 
 
The stoichiometric composition of the ZnO nanorods was characterised by XPS. A plot of the binding 
energy peaks of Zn2p and O1s are shown in Figure 5.23a and 5.23b, respectively. The Zn2p3/2 peak 
exhibits a symmetric shape centred at 1022.18 eV, which corresponds to the Zn–O bonds [33, 34]. 
Many authors in literature have also reported these peaks [35-43]. 
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Figure 5.23. XPS binding energy plots of the ZnO nanorods showing the (a) Zn2p3/2 peak and (b) O1s peak. 
5.6 Summary 
In this chapter, the characterisation techniques that were utilised to analyse the surface morphology 
(SEM and AFM), crystallographic structure (XRD and TEM) and stoichiometric composition (XPS 
and EDX) of the nanomaterials were briefly described. The characterisations of the MoO3 
nanostructures (nanoplatelets, nanoplatelets-nanowires, randomly orientated nanoplatelets and 
nanoflowers) and ZnO nanostructures (nanoplatelets-nanowires, nanograins and nanorods) were 
presented. The SEM and AFM of the as-deposited nanomaterials were obtained to give a qualitative 
analysis of the surface morphology, as well as, the nanostructure dimensions and orientations so that 
these parameters can be understood and correlated to the performance of the sensors. Subsequently, 
TEM and XRD qualitative analyses were performed to acquire the crystallographic structures and 
determine the crystal phases that constitute to the structure of the nanomaterials. And to acquire a 
quantitative analysis, XPS and EDX techniques were utilised to characterise the stoichiometric 
composition of the nanomaterials. This analysis was employed to examine the stoichiometric and 
elemental composition of the metal oxides after the deposition process to determine the ratio of metal 
and oxygen in the deposited material. 
The key findings of the characterisations of the nanomaterials, studied in this PhD thesis, are 
presented and summarised as follows: 
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• MoO3 Nanostructures  
MoO3 nanostructures were studied in detail as nine specimens were deemed possible candidates by an 
initial SEM study. Their dimensions are given in Table 5.1. Most of the nanostructures had 
nanoplatelet morphologies, however upon further inspection of the dimensions of the MoO3 
nanostructures, nanoplatelets (specimen 'a'), nanoplatelet towers and nanowires (specimen 'd'), large 
nanoplatelets (specimen 'e') and small nanoplatelets (specimen 'i') were selected for further study as 
they had high surface to volume ratios and sharp corners and edges, which is the criteria favourable 
for the production of enhanced localised electric fields. These four MoO3 specimens existed with an 
orthorhombic crystal structure as shown in the XRD analysis. 
• ZnO Nanostructures 
The SEM image of the Evaporation-Condensation deposited ZnO nanostructures showed the presence 
of nanoplatelets and nanowires with sharp corners and edges. Both types of the nanostructures were 
classified as hexagonal and the stoichiometric analysis showed presence of Zn and O with 
corresponding peaks, respectively. 
The ZnO nanograins deposited by PLD were characterised with a grain diameter of ~30 nm, which 
grew in the (002) direction. The average diameter of the ZnO nanorods deposited by the RF sputtering 
technique was ~70 nm. Both types of films showed hemispherical tips, which can produce the desired 
enhanced localised electric fields required for the formation of highly sensitive devices. 
In the next chapter, the electrical properties of the developed nanostructured Schottky diode based 
sensors will be characterised. The change in electrical characteristics in the sensors as they are 
exposed to hydrogen gas will be examined in detail. 
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 Chapter 6 
Static Performance of Hydrogen 
Sensors based on Nanostructured 
Schottky Diodes 
6.1 Introduction 
The deposition of the nanomaterials and fabrication of the nanostructured Schottky diodes were 
presented in Chapter 4. The deposited nanostructured materials were: MoO3 (nanoplatelets, nanowires 
and nanoflowers) and ZnO (nanograins and nanorods). These nanomaterials were characterised for 
their surface morphology, crystallographic structure and the stoichiometric composition for which the 
results were presented in Chapter 5.   
In this chapter, the author presents the current-voltage (I-V) characteristics of the developed 
nanostructured Schottky diodes in synthetic air and in the presence of H2 gas with different 
concentrations at room and elevated temperatures. A Schottky diode can be characterised by many 
distinctive features. These are the forward rectifying voltage, reverse breakdown voltage and the 
Schottky barrier height. By measuring the field emission properties exhibited by the surface of these 
nanostructured diodes in a vacuum, an enhancement factor can be calculated. In this PhD thesis, this 
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enhancement factor is used to correlate the nanostructured morphology towards the hydrogen 
sensitivity. 
The nanostructured Schottky diode can be operated under a constant current mode of operation. As 
the diode is exposed to hydrogen gas, a lateral voltage shift in the I-V characteristics can be observed. 
Therefore a change in the Schottky barrier height can also be calculated. [1] These two parameters are 
important to evaluate the sensitivity of the nanostructured diodes towards hydrogen gas. 
This chapter is divided into four sections. Section 6.2 will present the experimental setup and the 
procedure used to acquire the characteristics of the Schottky diodes. The electrical properties of the 
nanostructured MoO3 and ZnO Schottky diodes will be presented in their respective subsections of 
Section 6.3. The selected nanostructured diodes are examined for their maximum voltage shift 
towards hydrogen gas with different concentrations to determine the optimal operating temperature. 
The electrical characteristics of these diodes measured will also be compared. A summary of the key 
findings from the electrical characterisations is then presented. 
6.2 Experimental Setup and Procedures 
6.2.1 Current-Voltage (I-V) Characteristics Measurements 
In this thesis, the electrical characteristic measurements of the developed Schottky diodes were 
performed at RMIT University [2-6]. The testing apparatus incorporates a test chamber, a MKS 647B 
mass flow controller (MFC) processing unit, four MFCs, a Keithley 2602 sourcemeter, a 
programmable Agilent 34410A multimeter, a Tektronix PS2521G programmable power supply 
connected to the heater, a thermocouple and a data acquisition unit as shown in Figure 6.1.  
Electrical connections to the Schottky diodes were achieved by physically connecting a needle probe 
made of stainless steel to the Pt electrode and a flat stainless steel base to the Ti/Pt electrode. The I-V 
characteristics were measured using a sourcemeter and programmable multimeter, which were 
connected in parallel to acquire and record the gas responses of the device simultaneously (as also 
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will be discussed in Chapter 7). A custom made alumina heater was mounted below the stainless steel 
base, is capable of heating the sensor up to 700°C. A thermocouple was used as the temperature 
sensor. The test chamber was made of teflon and enclosed with a borosilicate lid. High purity 
(99.99%) dry synthetic air and hydrogen gas from certified gas cylinders were used. Hydrogen gas 
with a known concentration was delivered to the chamber by diluting the hydrogen gas with synthetic 
air by adjusting the flow rates of each gas via the MFCs, while maintaining a total constant flow rate 
of 200 sccm. The test chamber had a total volume of ~175 mm3
 
and using a flow rate of 200 sccm, the 
chamber was filled in ~60 secs. The I-V characteristics were measured as the Schottky diodes were 
exposed to synthetic air and 1% H2 gas in sequence. The diodes were then heated to the specified 
temperature and were subsequently exposed to H2 for 5 min. A sufficient recovery time (between 
15 min to 1 hr) was then allowed for the I-V characteristics to return to its original characteristic in air. 
Prior to the commencement of the measurements, several stabilising procedures were performed. This 
cycling process was conducted in synthetic air and H2 gas so that a stable, repeatable response could 
be obtained and to ensure there was coherence in the measured data. The stabilising process required 
two days per sensor. 
 
Figure 6.1. Electrical and test chamber apparatus. 
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6.2.2 Field Emission Measurements 
The field emission (FE) measurements for the MoO3 and ZnO nanostructured metal oxides deposited 
on the SiC substrates were performed in collaboration with Prof. Zhang's group at Peking University, 
China in a lab-built ultrahigh vacuum chamber with a base pressure of 10-7 Pa as previously reported 
[7-11]. A glass screen coated with fluorine doped tin-oxide (FTO glass) was used as the anode. This 
transparent anode allowed observation of the two-dimensional distribution of emission sites on the 
cathode. These measurements were performed on the MoO3 nanowires-nanoplatelets, MoO3 
nanostructured and MoO3 nanoflowers. The measurements were performed and repeated 20 times 
using a forward sweep from 2000 V to up to 5000 V and the average field emission results are 
presented. The distance between the surface of the anode and the cathode (sample) during the 
measurements was kept constant at 526 µm. 
Similarly, field emission measurements of the MoO3 nanoplatelets, ZnO nanostructured, ZnO 
nanorods and ZnO nanograins were performed in collaboration with Prof. Hu's group at Nanjing 
University, China [12, 13]. The measurements were performed at a distance of 100 µm and repeated 
several times by applying forward voltage from 2000 V to up to 4000 V. The pressure in the 
measurement chamber was about 7 ×10-5 Pa. The results were recorded after emission tests for 2 hrs 
to acquire a stable measurement. 
6.3 Experimental Results  
For each nanostructured Schottky diode, the I-V and FE characteristics at room temperature were 
measured and analysed. A field enhancement factor β was calculated from the FE characteristics and 
subsequently for comparison a theoretical enhancement factor γa was calculated, by curve fitting the 
plot of the Schottky diode equations to the reverse I-V characteristics (as discussed in Chapter 3). The 
diodes were investigated at different temperatures in synthetic air and 1% H2 to determine the 
optimum temperature that produces the largest voltage shift towards H2 gas. An enhancement factor 
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was extracted from the I-V characteristics at their optimum temperatures using the curve fitting 
method. 
The diodes were operated at their optimal temperatures under a constant bias current and the voltage 
shifts were measured as the diodes were exposed to H2 gas with different concentrations. The results 
(voltage shift and the change in barrier height) were examined with respect to different concentrations 
of H2 gas. 
6.3.1 Pt/MoO3 Nanostructured/SiC Based Schottky Diodes 
In this section, four types of MoO3 nanostructured Schottky diodes are studied for their electrical 
properties in synthetic air and H2 gas with different concentrations. They are: Pt/MoO3 
nanoplatelets/SiC, Pt/MoO3 nanoplatelets-nanowires/SiC, Pt/MoO3 nanostructures/SiC and Pt/MoO3 
nanoflowers/SiC Schottky diodes. Each of these nanostructured diodes are discussed individually and 
the results of their characterisations are presented. 
6.3.1.1 Pt/MoO3 Nanoplatelets/SiC Schottky Diodes 
The I-V characteristics of the Pt/MoO3 nanoplatelets/SiC Schottky diodes were studied at 25°C in 
synthetic air (Figure 6.2). The characteristics of Pt/SiC diode are also shown in the figure as a 
reference to observe the effect of the MoO3 nanoplatelets on the I-V characteristics. The breakdown 
voltage of the Pt/MoO3 nanoplatelets/SiC diode was significantly larger than the Pt/SiC diode, which 
is attributed to the enhanced localised electric fields exhibited at the edges and corners of the platelets. 
A rectifying voltage Vf was measured as ~0.52 V while the breakdown voltage Vb (corresponding to 
−10 µA) was observed at −6.52 V. Using Equation (3.19) and the extrapolation method [1], a barrier 
height of 850 meV was calculated from the I-V characteristics at 25°C. 
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Figure 6.2. I-V characteristics of the Pt/MoO3 nanoplatelets/SiC and Pt/SiC Schottky diodes at 25°C. 
The curve fitting of Equation (3.19) to the reverse I-V characteristics (Figure 6.2) of the MoO3 
nanoplatelet based diodes is shown in Figure 6.3a. A theoretical enhancement factor γa was calculated 
as ~1000. The MoO3 dielectric constant εMoO3 of 15.8 [14], carrier density ND of 1018 and an effective 
Richardson constant of 120 were used. The inset of Figure 6.3a illustrates a close fitting on the 1 µA 
scale. 
The FE measurements were also performed at 25°C. The J-E characteristics are shown in Figure 6.3b 
and the inset of Figure 6.3b shows the plot of ln(J/E2) vs 1/E. Using the Fowler Nordheim Equation 
(3.29), a field enhancement factor β of 970 was calculated. The work function of MoO3 assumed as 
5.68 eV [15]. This factor verifies that the enhancement factor calculated using the curve fitting 
method is a good approximation. This enhancement factor describes the ratio of the localised electric 
field with respect to the macroscopic (applied) field and is important as it is can also be used to 
describe why the sensor causes such voltage shift sensitivity with respect to H2 gas. 
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Figure 6.3. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the MoO3 nanoplatelets (inset shows a plot of ln(J/E2) vs (1/E) at 25°C). 
The I-V characteristics of the Pt/MoO3 nanoplatelets/SiC Schottky diodes were measured from 25 to 
360°C in synthetic air and 1% H2 as shown in Figure 6.4a. A plot of the voltage shift (under  10 µA, 
100 µA and 1 mA constant reverse bias currents) with respect to 1% H2 at different temperatures is 
shown in Figure 6.4b. The plot indicates a decreasing voltage shift trend with respect to increasing 
temperature. The voltage shifts, in general, followed decreasing trend with respect to increasing 
temperature. This observation can be explained in terms of the hydrogen spillover effect [16-19] and 
the thermionic emission of carriers [1, 16, 18, 20]. 
As H2 gas molecules interact with the Pt surface, they dissociate into H atoms and diffuse through to 
the Pt/MoO3 interface where they accumulate charge. As a result the charge lowers the Schottky 
barrier height and allows more carriers to flow over the lowered barrier resulting in the lateral voltage 
shift. [21-24] However as the temperature is elevated above 25°C, more carriers acquire thermal 
energy and elevated to a higher state, where can flow over the barrier via pure thermionic emission 
[17, 22, 23, 25, 26]. This transfer of carriers at elevated temperatures overshadows the hydrogen 
spillover effect, which explains why a decrease in voltage shift is seen at higher temperatures. 
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Figure 6.4. (a) I-V characteristics of the Pt/MoO3 nanoplatelets/SiC Schottky diodes from 25 to 360°C and (b) a 
plot of voltage shift towards 1% H2 with respect to temperature at different reverse bias currents. 
 
As an external field is applied (using a current or voltage source) through the Pt/MoO3 nanoplatelets 
diode, the MoO3 nanoplatelets adapt the ambient field to produce localised electric fields [3]. These 
fields occur in each nanoplatelet and are especially concentrated at edges and corners. As these diodes 
are exposed to hydrogen gas, the dissociated H atoms that diffuse through the Pt cause a build up of 
charge at the Pt/MoO3 interface in the nanoplatelets. This charge changes the electric fields at the 
interfaces (in the nanoplatelets) and are also amplified significantly at the edges and corners. As 
previously defined, the ratio of the localised electric fields with respect to the ambient field is 
described by the enhancement factor. 
To represent this phenomenon using the Schottky diode equations, the accumulation of H atoms at the 
Pt/MoO3 interface, can be represented (in general) by the increase of the carrier density in the MoO3. 
The effect of increasing the carrier density is amplified by the enhancement factor as per Equation 
(3.20) and resulting in a large voltage shift as measured and shown in the reverse I-V characteristics. 
To investigate the change in voltage exhibited by the Pt/MoO3 nanoplatelets diode, a bias current of 
−100 µA was chosen as it is a suitable current in electronic circuits and is far larger than leakage 
currents, which typically exist at magnitudes from 10-6 to 10-7 [27]. 
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Upon exposure to 1% H2 gas, the largest voltage shift was seen 170°C at −100 µA. Using 
Equation (3.19), the barrier height of the Pt/MoO3 nanoplatelet diode was calculated as 620 meV at 
this temperature. At reverse bias, the diodes were exposed to H2 gas with different concentrations at 
the optimum operating temperature of 170°C (Figure 6.5a). The Pt/MoO3 nanoplatelet/SiC diodes 
exhibited voltage shifts of 0.275, 0.484, 0.702, 0.914 and 1.343 V corresponding to 0.06, 0.125, 0.25, 
0.5 and 1% H2 gas, respectively. A change in barrier height was calculated as 0.5, 1.8, 2.9, 5.8 and 
19.9 meV using Equation (3.19), which corresponds to the aforementioned concentrations of H2 gas, 
respectively. Figure 6.5b shows a plot of the change in Schottky barrier height in the presence of H2 
gas with different concentrations. A plot of the voltage shift (Figure 6.5b) was found to vary 
logarithmically with respect to the H2 concentration. 
 
Figure 6.5. (a) Reverse I-V characteristics of the Pt/MoO3 nanoplatelets/SiC Schottky diodes at 170°C in 
synthetic air and H2 gas with different concentrations and (b) a plot of the voltage shift and the Schottky barrier 
height change (at 170°C) with respect to H2 gas with different concentrations and a −100 µA bias current. 
6.3.1.2 Pt/MoO3 Nanoplatelets-Nanowires/SiC Schottky Diodes 
The electrical properties of the Pt/MoO3 nanoplatelets-nanowires/SiC Schottky diodes were 
investigated using a similar analysis as was used to describe the Pt/MoO3 nanoplatelets/SiC Schottky 
diodes. 
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The I-V characteristics of the Pt/MoO3 nanoplatelets-nanowires/SiC diode were measured at 25°C in 
synthetic air as shown in Figure 6.6. The I-V characteristic of the Pt/SiC diode is also shown as  
reference in the figure. The characteristics showed a rectifying voltage at ~0.58 V while the 
breakdown voltage was measured as −5.77 V. The breakdown voltage is significantly larger than the 
Pt/SiC as caused by the presence of enhanced electric fields. The barrier height of this diode at 25°C 
was calculated as 645 meV using the extrapolation method [1]. 
 
Figure 6.6. I-V characteristics of the Pt/MoO3 nanoplatelets-nanowires/SiC and Pt/SiC Schottky diodes at 25°C. 
Figure 6.7a shows the diode I-V characteristics measured at 25°C and its respective curve fitting. The 
inset shows the I-V curve on 1 µA scale. A theoretical enhancement factor γa of 720 was calculated 
from the curve fitting using the same parameters as previously. The J-E characteristic from the field 
emission measurements is shown in Figure 6.7b at 25°C. The inset of the figure shows the plot of 
ln(J/E2) vs (1/E) and the field enhancement factor β was calculated as ~590 using Equation (3.19).  
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Figure 6.7. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the MoO3 nanoplatelets-nanowires (inset shows a plot of 
ln(J/E2) vs (1/E) at 25°C). 
Subsequently, the I-V characteristics (Figure 6.8a) of the Pt/MoO3 nanoplatelets-nanowires/SiC 
Schottky diodes were measured as they were exposed to synthetic air and H2 gas with 1% 
concentration in sequence from 25 to 340°C. A plot of the voltage shift at different reverse bias 
currents (10 µA, 100 µA and 1 mA) as the diode was exposed to H2 with 1% concentration at 
different temperatures is shown in Figure 6.8b. 
In Figure 6.8b, the voltage shift peaks at temperature of 100°C for a constant bias current operation of 
−10 µA, 170°C for −100 µA and at 250°C at a −1 mA. These results suggest that the Schottky diodes 
based on nanoplatelets-nanowires should operate at different optimum temperatures under a different 
bias currents. For the diodes to be compared, a bias current of −100 µA (similar to the nanoplatelet 
diode) was selected. 
The I-V characteristics at the presence of H2 gas with different concentrations are shown in 
Figure 6.9a. At 170°C, the magnitude of the voltage shifts were measured as 0.149, 0.263, 0.478, 
0.782 and 1.133 V corresponding to H2 gas with 0.06, 0.125, 0.25, 0.5 and 1% concentration, 
respectively. Changes in barrier heights of 1.2, 5.7, 9.7, 15.8 and 32.9 meV were calculated for the 
same concentrations of H2 gas, respectively. The plot of the voltage shift and change in barrier height 
with respect to different H2 gas concentration is presented in Figure 6.9b. 
-12 -9 -6 -3 0
-100
-80
-60
-40
-20
0
-8 -6 -4 -2 0
-10
-8
-6
-4
-2
0
Cu
rr
en
t (
µA
)
Voltage (V)
Cu
rr
en
t (
µA
)
Voltage (V)
  Data
  Theory
             γ
a
 = 720
10 12 14 16 18
0.00
0.25
0.50
0.75
1.00
β = 590
0.06 0.07 0.08
-10
-8
-6
-4
Ln
 
(J/
E2
)
1/E
J  
(m
A
/c
m
2 )
E (V/µm)
At 25oC
 
(a) 
 
(b) 
Chapter 6 Static Performance of Hydrogen Sensors based on Nanostructured Schottky Diodes 129 
 
Figure 6.8. (a) I-V characteristics of the Pt/MoO3 nanoplatelets-nanowires/SiC Schottky diodes from 25 to 
360°C and (b) a plot of voltage shift towards 1% H2 with respect to temperature at different reverse bias 
currents. 
 
  
Figure 6.9. (a) Reverse I-V characteristics of the Pt/MoO3 nanoplatelets-nanowires/SiC Schottky diodes at 
170°C in synthetic air and H2 gas with different concentrations and (b) a plot of the voltage shift and barrier 
height change with respect to H2 gas with different concentrations at 170°C and a −100 µA bias current. 
The electrical properties of the Pt/MoO3 nanoplatelets-nanowires/SiC diodes were presented and the 
most significant observation was that they exhibited a smaller voltage shift than that of its counterpart 
(Pt/MoO3 nanoplatelets/SiC diodes), even though a larger change in barrier height was calculated. 
These results and observations will be compared and discussed in the summary. 
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6.3.1.3 Pt/MoO3 Randomly Orientated Nanoplatelets/SiC Schottky Diodes 
In this section, the results of the electrical properties of Pt/MoO3 randomly orientated 
nanoplatelets/SiC Schottky diodes are presented. The I-V characteristics of the Pt/MoO3 randomly 
orientated nanoplatelets Schottky diodes were measured as they were exposed to synthetic air and 1% 
H2 gas as shown in Figure 6.10. At 25°C, a rectifying voltage of ~0.55 V and a breakdown voltage of 
−5.17 V were observed. 
 
Figure 6.10. I-V characteristics of the Pt/MoO3 randomly orientated nanoplatelets/SiC and Pt/SiC Schottky 
diodes at 25°C. 
A theoretical enhancement factor γa of 880 was extracted by curve fitting the plot of the Schottky 
diode equations to the reverse I-V characteristics of the MoO3 randomly orientated platelets 
(Figure 6.11a) at 25°C. The inset shows the curves on 1 µA scale. Using the extrapolation method 
[1], a Schottky barrier height of 640 meV was calculated for this diode. 
The FE measurements were conducted on the diodes at 25°C and the J-E characteristics are shown in 
Figure 6.11b. The inset of the figure shows the plot of ln(J/E2) vs (1/E). By using the Fowler-
Nordheim Equation (3.19), a field enhancement factor β was calculated as 750. These values of 
theoretical and experimental field enhancement factors are in correlation with each other and they are 
slightly larger than the two field enhancement factors calculated for the Pt/MoO3 nanoplatelets-
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nanowires/SiC diode, which suggests that the surface morphology causes larger enhancements of 
localised electric fields. 
 
 
Figure 6.11. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the MoO3 randomly orientated nanoplatelets (inset shows a plot of 
ln(J/E2) vs (1/E) at 25°C). 
The Pt/MoO3 randomly orientated nanoplatelets/SiC Schottky diodes were then investigated at 
different temperatures. The I-V characteristics measured at 25, 100, 170, 250 and 340°C in the 
presence of synthetic air and 1% H2 gas is shown in Figure 6.12a. The figure shows the plot of the 
voltage shift towards 1% H2 gas at these temperatures using different bias currents of 10 µA, 100 µA 
and 1 mA. 
The I-V characteristics of the diode were measured for different concentrations of H2 gas at a 
temperature of 170°C (Figure 6.13a) so that a comparison with the Pt/MoO3 nanoplatelets/SiC and 
Pt/MoO3 nanoplatelets-nanowires/SiC diodes could be possible. The voltage shifts exhibited by the 
Pt/MoO3 randomly orientated nanoplatelets/SiC Schottky diodes were 0.26, 0.55, 0.81, 1.14, 1.39 V 
corresponding to 0.06, 0.125, 0.25, 0.5 and 1% concentration of H2 gas. Subsequently, the change in 
Schottky barrier heights were calculated as 8.9, 13.4, 21.1, 33.3 and 44.6 meV, for the same 
concentrations of H2 gas, respectively. A plot of the voltage shift and change in barrier height with 
respect to H2 gas concentration is shown in Figure 6.13b. The results from this figure illustrates that 
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the voltage shift and the change in barrier height increases logarithmically with increasing 
concentration of H2. 
 
Figure 6.12. (a) I-V characteristics of the Pt/MoO3 randomly orientated nanoplatelets/SiC Schottky diodes in 
the presence of synthetic air and 1% H2 gas from 25 to 340°C and (b) a plot of the voltage shift towards 1% H2 
with respect to temperature at different reverse bias currents. 
 
 
Figure 6.13. (a) Reverse I-V characteristics of the Pt/MoO3 randomly orientated nanoplatelets/SiC Schottky 
diodes at 170°C in the presence of synthetic air and H2 gas with different concentrations and (b) a plot of the 
voltage shift and barrier height change with respect to H2 gas with different concentrations at 170°C and a 
−100 µA bias current. 
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6.3.1.4  Pt/MoO3 Nanoflowers/SiC  Schottky Diode 
The electrical properties of the Pt/MoO3 nanoflowers/SiC Schottky diodes were investigated at 25°C. 
The I-V characteristics of the nanoflowers diode (Figure 6.14) show a rectifying and breakdown 
voltage of 1.02 and −13.4 V, respectively. For this nanostructured diode, the barrier height was 
calculated as 685 meV at 25°C using the extrapolation method [1]. 
 
Figure 6.14. I-V characteristics of the Pt/MoO3 nanoflowers/SiC and Pt/SiC Schottky diodes at 25°C. 
The breakdown voltage of this diode is significantly lower than for the three other diodes previously 
studied. However, the theoretical enhancement factor and the field enhancement factor are also 
smaller than those previously calculated. The small dimensions of these nanoplatelets (500 nm to 
1 µm) that make up the nanoflowers also allows a high surface to volume ratio that is desirable for 
sensing applications [28, 29]. 
The I-V characteristics of the Pt/MoO3 nanoflowers/SiC diode in synthetic air at 25°C and the curve 
fitting of Equation (3.19) is shown in Figure 6.15a. A theoretical enhancement factor γa of 760 was 
calculated. The J-E characteristics (Figure 6.15b) were obtained from the FE measurements of the 
MoO3 nanoflowers. A plot of ln(J/E2) vs (1/E) is shown in the inset of Figure 6.15b and the field 
enhancement factor β was calculated to be 630 from these characteristics. 
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The I-V characteristics (Figure 6.16a) of the Pt/MoO3 nanoflowers/SiC Schottky diode were then 
investigated from 25°C to 250°C in the presence of synthetic air and H2 gas with 1% concentration. A 
plot of the voltage shift (at reverse bias currents of 1 µA and 10 µA) with respect to H2 with 1% 
concentration at different temperatures is shown in Figure 6.12b. 
 
Figure 6.15. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the MoO3 nanoflowers (inset shows a plot of ln(J/E2) vs (1/E) at 25°C). 
 
Figure 6.16. (a) I-V characteristics of the Pt/MoO3 nanoflowers/SiC Schottky diodes in the presence of synthetic 
air and 1% H2 gas from 25 to 250°C and (b) a plot of the voltage shift towards 1% H2 with respect to 
temperature at different reverse bias currents. 
The largest voltage shift exhibited by the diode with respect to H2 with 1% concentration was found at 
170°C and a  −1 µA bias current. The results show that the diode can also exhibit a larger shift 
towards H2 with 1% concentration while using a bias current of 10 µA. However, to allow a 
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comparison between the MoO3 nanostructured diodes in this chapter, an optimal temperature of 
170°C for the Pt/MoO3 nanoflowers/SiC diode was chosen. The I-V characteristics in H2 gas with 
different concentrations at this temperature is shown in Figure 6.17a. At a constant bias current of 
−1 µA, voltage shifts of 1.24, 1.66, 2.35, 2.81, 3.09 V were measured corresponding to H2 gas with 
0.06, 0.125, 0.25, 0.5 and 1% concentration. These voltage shifts are significantly larger than 
previously observed and are attributed to the size of the nanoplatelets in the surface morphology. 
As these nanoflowers are exposed to H2 molecules, the build up of charge at the Pt/MoO3 interface 
changes the electric fields at the interfaces (in the nanoplatelets that make up the nanoflowers) and are 
amplified significantly at the edges and corners. By inspection of the SEM micrograph (Figure 5.5i), 
it shows the presence of numerous nanoplatelets throughout the morphology, which suggests that a 
high density of localised electric fields are present. Therefore a small change in the carrier density, as 
caused by exposure to H2, will cause a change in the localised electric field from the nanoplatelets as 
measured by the voltage shift in the I-V characteristics. 
The change in barrier height of 4.1, 10.9, 21.9, 28.4, 64.9 meV were calculated for the same 
concentrations of H2 gas, respectively. The plot of the voltage shift and barrier height change with 
respect to H2 gas with different concentrations is shown in Figure 6.17b. 
 
Figure 6.17. (a) Reverse I-V characteristics of the Pt/MoO3 nanoflowers/SiC Schottky diodes at 170°C in the 
presence of synthetic air and H2 gas with different concentrations and (b) a plot of the voltage shift and barrier 
height change with respect to H2 gas with different concentrations at 170°C and a −1 µA bias current. 
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In this section, the results from the electrical characterisation of the four Pt/MoO3 nanostructured 
diodes as they were exposed to synthetic air and H2 gas were presented. They were all characterised 
by their I-V characteristics and their rectifying and breakdown voltage were measured. A theoretical 
enhancement factor was extracted by curve fitting of the Schottky diode Equation (3.19) to the I-V 
characteristics at 25°C. Also, by measuring the field emission characteristics of the nanostructured 
surface, a field enhancement factor was extracted. This factor can be used to describe and explain the 
change in electrical characteristics (in terms of a voltage shift) as the nanostructured diodes are 
exposed to hydrogen gas. Table 6.1 shows the results of the electrical characterisation of the MoO3 
nanostructured Schottky diodes studied in this section.  
Table 6.1 Summary of the electrical characteristics of the Pt/MoO3 nanostructures/SiC diodes in the presence of 
synthetic air and H2 gas with 1% concentration. 
Nanostructured diode 
Enhancement factor Optimal 
temperature (°C) 
Bias current 
(µA) 
Change with respect to H2 gas with 1% 
concentration in synthetic air 
β γa Barrier height (meV) Voltage shift (V) 
Pt/MoO3 
nanoplatelets/SiC 970 1000 170 −100 19.9 1.34 
Pt/MoO3 nanoplatelets- 
nanowires/SiC 590 720 170 −100 32.0 1.13 
Pt/MoO3 randomly 
orientated 
nanoplatelets/SiC 
750 880 170 −100 44.6 1.39 
Pt/MoO3 
nanoflowers/SiC 630 760 170 −1 64.9 3.09 
 
The similarities and differences of the electrical characteristics exhibited by the Pt/MoO3 
nanostructured/SiC diodes are discussed below: 
• The Pt/MoO3 nanoplatelets/SiC diode exhibited a voltage shift of 1.34 V in the presence of 1% H2 
gas. A change in barrier height of 19.9 meV and an enhancement factor of 970 were calculated. 
The voltage shift is attributed to the dimensions of the nanoplatelets. The nanoplatelets consisted 
of widths from 2 to 3 µm and the thickness of the nanostructures was between 50 and 500 nm as 
identified in Chapter 5.  
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• The electrical properties of the Pt/MoO3 nanoplatelets-nanowires/SiC and the Pt/MoO3 randomly 
orientated nanoplatelets/SiC diodes were measured and showed similar rectifying, breakdown 
voltages and as well as similar magnitudes of barrier heights at 25°C. These similarities can be 
attributed to the dimensions of the deposited MoO3 nanostructures. However so, a larger 
enhancement factor was measured for the diode based on randomly orientated nanoplatelet based 
diode as compared to the nanoplatelets-nanowires diode, suggesting a greater enhancement of 
electric fields at the edges and corners of the MoO3 nanostructures. As a result a larger voltage 
shift is observed as these diodes are exposed to 1% H2 gas. 
• In contrast to the previous three diodes, the electrical characterisations of the Pt/MoO3 
nanoflowers/SiC diode exhibited a voltage shift of 3.39 V with respect to 1% H2 using a reverse 
bias current of 1 µA. Although the value of the enhancement factor was similar to the other MoO3 
nanostructured diodes, the nanoplatelet dimensions are far smaller as compared to all the other 
diodes (as previously characterised in Chapter 5).  This suggests that the size of the nanoplatelets 
significantly and directly contribute to the large change in barrier height as a bulk of the 
nanoplatelets (rather than only the surface) are affected by the dissociation of hydrogen gas. This 
explains why such a large voltage shift is observed as the sensor is exposed to 1% H2 gas. 
By investigating the electrical characteristics of the Pt/MoO3 nanostructured/SiC Schottky diodes, a 
theoretical enhancement factor was calculated by the curve fitting method and was found to be in 
good correlation with the field enhancement factors calculated from the field emission measurements. 
6.3.2  Pt/ZnO Nanostructured/SiC Based Schottky Diodes 
In this section, three types of Pt/ZnO nanostructured/SiC Schottky diodes (nanoplatelet-nanowires, 
nanorods and nanograins) were investigated for their electrical properties in the presence of synthetic 
air and H2 gas at different concentrations. Each of the nanostructured diodes are discussed 
individually.  
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6.3.2.1  Pt/ZnO Nanoplatelets-Nanowires/SiC Schottky Diodes 
At 25°C, the I-V characteristics of Pt/ZnO nanoplatelets-nanowires/SiC Schottky diodes were 
measured (Figure 6.18). A barrier height of 690 meV was calculated for these diodes via the 
extrapolation method [1]. The rectifying voltage was ~2.83 V and a breakdown voltage was −3.49 V 
at 25°C. The rectifying voltage is significantly larger than those exhibited by any of the four Pt/MoO3 
nanostructured/SiC diodes previously investigated. The breakdown voltage of the ZnO diodes 
however, was considerably smaller in magnitude than the MoO3 diodes and is slightly larger than the 
breakdown voltage of Pt/SiC. 
The curve fitting of Equation (3.19) to the I-V characteristics of the ZnO
 
nanoplatelet-nanowires based 
diodes is shown in Figure 6.19a. A theoretical enhancement factor γa was calculated as ~810. The 
ZnO dielectric constant εZnO of 9.7 [30], carrier density ND of 1018 [31] and an effective Richardson 
constant of 120 were used. The inset also illustrates a close fitting on the 1 µA scale. To examine 
these observations in further detail the field emission measurements were conducted. 
 
Figure 6.18. I-V characteristics of the Pt/ZnO nanoplatelets-nanowires/SiC and Pt/SiC Schottky diodes at 25°C. 
The FE measurements were performed at 25°C. The J-E characteristics are shown in Figure 6.19b and 
the inset of Figure 6.19b shows the plot of ln(J/E2) vs 1/E. Using the Fowler Nordheim Equation 
(3.29) a field enhancement factor β of 800 was calculated. The work function of ZnO assumed as 5.20 
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eV [32]. This factor verifies that the enhancement factor calculated using the curve fitting method is 
in a very close approximation for these ZnO nanoplatelets-nanowires diodes.  
 
Figure 6.19. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the ZnO nanoplatelets-nanowires (inset shows a plot of ln(J/E2) vs (1/E) 
at 25°C). 
The I-V characteristics of the Pt/ZnO nanoplatelets-nanowires/SiC Schottky diode were measured 
from 25°C to 620°C in the presence of synthetic air and 1% H2 gas as shown in Figure 6.20a. The 
reverse bias mode of operation was selected for the comparison with previous nanostructured diodes. 
A plot of the voltage shift (1 µA, 10 µA and 100 µA) with respect to 1% H2 at different temperatures 
is shown in Figure 6.20b. In the figure, the voltage shift decreased in the region of temperature 
between 25 and 310°C and then increased from 310 to 620°C. To explain this observation, the author 
assumes that in the lower region of temperature, the carriers in ZnO acquire thermal energy and are 
elevated to a higher energy state, where they can flow over the Pt/ZnO barrier via pure thermionic 
emission. This transfer of thermally excited carriers at elevated temperatures overshadows the 
hydrogen spillover effect [16, 18, 19] and explains why a decrease in voltage shift is seen at these 
temperatures. A change in barrier height was calculated to be between 13  to 26 meV at 25 and 310°C, 
respectively. 
As the diode is operated in the upper region of temperature (from 310 to 620°C), the change in barrier 
height is sufficiently large (26 to 40 meV) so that the change in electric field (caused by the hydrogen 
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spillover effect) at the Pt/ZnO interface can be amplified, and it can be seen as voltage shifts in the I-V 
characteristics. At these temperatures, the sharp edges and corners in the nanoplatelets-nanowires 
morphology greatly attributes to amplifying the change in electric field and it is also possible, 
although unclear as to whether the a change in crystallographic phases from these hexagonal ZnO 
nanostructures may have also contributed to the increase in voltage shift. Further characterisation 
studies (ie TEM, XRD) will be required on these ZnO nanostructures (after they have been exposed to 
such high temperature environments) to provide the necessary data to support these suggestions and 
should be considered in future work. 
 
Figure 6.20. (a) I-V characteristics of the Pt/ZnO nanoplatelets-nanowires/SiC Schottky diodes in synthetic air 
and 1% H2 from 25 to 620°C and (b) A plot of voltage shift towards 1% H2 with respect to temperature at 
different reverse bias currents. 
The Pt/ZnO nanoplatelets-nanowires/SiC diodes were operated at 620°C as they were exposed to H2 
of different concentrations and a plot of the reverse I-V characteristics is shown in Figure 6.21a. 
Under a constant bias current of −1 µA, a voltage shift of 0.06, 0.08, 0.1, 0.16, 0.18 mV was 
measured corresponding to 0.06, 0.125, 0.25, 0.5 and 1% H2 gas. Changes in barrier height of 9.5, 19, 
27.7, 35.7, 39.6 meV were calculated for the same concentrations of H2 gas, respectively. A reverse 
bias current of 1 µA was chosen as at this current, a large voltage shift was measured towards 1% H2. 
The plot of the voltage shift and barrier height change with respect to H2 gas with difference 
concentrations is given in Figure 6.21b. 
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Figure 6.21. (a) Reverse I-V characteristics of the Pt/ZnO nanoplatelets-nanowires/SiC Schottky diodes at 
620°C in the presence of synthetic air and H2 gas with different concentration and (b) A plot of voltage shift and 
barrier height with respect to H2 gas with different concentrations at 620°C and a −1 µA bias current. 
6.3.2.2  Pt/ZnO Nanograins/SiC Schottky Diodes 
In this thesis, the investigations of nanostructured Schottky diodes were mostly based on 
nanoplatelets, nanoplatelets-nanowires, randomly orientated nanoplatelets and nanoflowers with sharp 
edged morphologies that were described and discussed previously. In this section, Pt/ZnO 
nanograins/SiC Schottky diodes were examined and involved determining the enhancement factor 
from hemispherical morphologies. The author will show that the nanorod model (as discussed in 
Chapter 3) and the curve fitting are better suited to calculate an approximate value for the 
enhancement factor than by using the field emission measurements. 
The I-V characteristics of the Pt/ZnO nanograins/SiC Schottky diode was measured at 25°C as shown 
in Figure 6.22a. A barrier height of 590 meV was then calculated from the I-V characteristics via the 
extrapolation method [1]. The diode exhibited rectifying and breakdown voltages of 0.06 V and 
−0.07 V, respectively, which are significantly smaller than those exhibited by Pt/SiC diode. These 
relatively small voltages can be attributed to the ZnO nanograins morphology in which the electric 
field enhancement occurs at the apex of the grains [33] unlike the other morphologies where the 
localised electric fields emanate at the edges and corners. 
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Figure 6.22. I-V characteristics of the Pt/ZnO nanograins/SiC and Pt/SiC Schottky diodes at 25°C. 
In this case, the localised fields emanate from the surface of these apexes and therefore the 
enhancement factor can be directly calculated from the geometry of the nanograins. The factor is 
equivalent to the ratio between the radius of the tip and the height of the nanograin. An average radius 
of the nanograins and height were measured as ∼35 and 70 nm, respectively. Using these parameters, 
an enhancement factor of ∼10 was calculated using Equation (3.21). The curve fitting method [5] was 
applied to the I-V characteristics at 25°C (Figure 6.23a) and the theoretical enhancement factor γa was 
calculated with a value of 10, which is significantly smaller as compared to the other enhancement 
factors previously calculated. 
The J-E characteristics (Figure 6.23b) were obtained from the field emission measurements of the 
ZnO nanograins. A plot of ln(J/E2) vs (1/E) is shown in the inset of Figure 6.25b and the field 
enhancement factor β was calculated to be 1050 from these characteristics. The discrepancy of the β 
to γa is explained by the difference in the nanostructured morphology. With sharp ended 
nanostructures, the measurement of field emission is sufficient to extract a value for the enhancement 
factor, which is typically large in magnitudes. However, when the nanostructures are hemispherical in 
morphology, the curve fitting appears to provide a more accurate approximation of the enhancement 
factor, which is also verified by the calculation of the factor directly from the geometry of a nanorod. 
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Figure 6.23. (a) The curve fitting of the reverse I-V characteristics (inset shows the curves on 10 µA scale) at 
25°C and (b) the J-E characteristics of the ZnO nanograins (inset shows a plot of ln(J/E2) vs (1/E) at 25°C). 
As the breakdown voltage exhibited by the Pt/ZnO nanograins/SiC diode is significantly smaller than 
that of the Pt/SiC, it may assist to explain the above arguments in further detail. The thickness of the 
metal oxide interfacial layer was ~50 nm. By applying a relatively small voltage current begins to 
flow through the interfacial layer very easily as it is very thin, which explains why such a small 
breakdown voltage was measured in the I-V characteristics. As a voltage is applied, the morphology 
of the ZnO nanograins allows some charge to build up at the apex of the hemispherical tips and causes 
localised electric fields to emanate, however the degree of the enhancement of electric field remains 
very low as shown by the computational simulations of localised electric fields at the apex of 
nanorods by Forbes et al. [33]. Therefore it is reasonable to neglect the field enhancement factor 
calculated by field emission measurements for such morphologies. 
The I-V characteristics of the Pt/ZnO nanograins/SiC diode were measured from 25 to 260°C in 
synthetic air and 1% H2 gas and are shown in Figure 6.24a. A plot of the voltage shift with respect to 
1% H2 at different temperatures is shown in Figure 6.24b as the diodes were operated at a reverse bias 
current of 100 µA and 1 mA. 
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Figure 6.24. (a) I-V characteristics of the Pt/ZnO nanograins/SiC Schottky diodes in the presence of synthetic 
air and 1% H2 from 25 to 260°C and (b) A plot of voltage shift towards 1% H2 with respect to temperature at 
different reverse bias currents. 
The Pt/ZnO nanograins/SiC diodes were operated at 620°C as they were exposed to H2 gas of 
different concentrations and a plot of the reverse I-V characteristics is shown in Figure 6.25a. At 
260°C and a constant bias current of −1 mA, a voltage shift of 0.02, 0.14, 0.20, 0.26, 0.32 V was 
measured towards 0.06, 0.125, 0.25, 0.5 and 1% concentrations of H2 gas. A change in barrier height 
of 1.4, 3.5, 5.8, 6.7, 9.2 meV was calculated for the same concentrations of H2 gas, respectively. 
Figure 6.25b shows the plot of the voltage shift and barrier height change with respect to H2 gas. 
 
Figure 6.25. (a) Reverse I-V characteristics of the Pt/ZnO nanograins/SiC Schottky diodes at 180°C in the 
presence of synthetic air and H2 with different concentrations and (b) A plot of voltage shift and barrier height 
with respect to H2 gas with different concentrations at 180°C and a −1 mA bias current. 
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6.3.2.3  Pt/ZnO Nanorods/SiC Schottky Diodes 
This section presents the electrical properties of Pt/ZnO nanorods/SiC Schottky diodes. The I-V 
characteristics of these diodes were measured at 25°C as shown in Figure 6.26. Using the 
extrapolation method [1], a barrier height of 530 meV was calculated. A rectifying voltage Vf was 
measured at ~0.41 V, while the breakdown voltage Vb was −0.77 V. Like the ZnO diodes based on 
nanograins, the breakdown and the rectifying voltages of the Pt/ZnO nanorods/SiC diode are smaller 
than those exhibited by Pt/SiC diode as shown in Figure 6.26. 
 
Figure 6.26. I-V characteristics of the Pt/ZnO nanorods/SiC and Pt/SiC Schottky diodes at 25°C. 
The geometry of the nanorods consists of hemispherical tips, where the enhancement of electric field 
is assumed to take place at the apex of the nanorods [33]. Localised fields emanate from the surface of 
these apexes and the enhancement factor can be directly calculated from the geometry of the nanorods 
as discussed in Chapter 3. The enhancement factor is defined as the ratio between the radius of the tip 
and the length of the nanorod. Many of the nanorod tips had radii in the range between 30 and 40 nm, 
an average radius of ∼35 nm and the length of 1 µm. With these parameters, an enhancement factor of 
∼28.6 was estimated using Equation (3.21). The curve fitting of the I-V characteristics measured from 
the Pt/ZnO nanorods/SiC diodes is shown in Figure 6.27a and using Equation (3.19), a theoretical 
enhancement factor γa of 28 was calculated [5].  
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The J-E characteristic from the field emission measurements of the Pt/ZnO nanorods/SiC diodes is 
shown in Figure 6.27b at 25°C. The inset of the figure shows the plot of ln(J/E2) vs (1/E) and the field 
enhancement factor β was calculated as ~940 using Equation (3.19).  
 
Figure 6.27. Plot of the Pt/ZnO nanorods/SiC Schottky diodes: (a) I-V characteristics and (c) the curve fit of the 
reverse I-V characteristics (inset shows the curves on 0.1 µA scale) at 25°C. 
 
The I-V characteristics of the Pt/ZnO nanorods/SiC diode in synthetic air and in 1% H2 gas from 25 to 
430°C are shown in Figure 6.28a. A plot of the voltage shift (at 100 µA and 1 mA) with respect to 
1% H2 at different temperatures are shown in Figure 6.21b. The plot follows a similar trend to the 
Pt/MoO3 nanoplatelets-nanowires diode and the maximum voltage shift is seen at 380°C using both 
reverse bias currents. 
At the optimum temperature of 380°C, the reverse I-V characteristics in the presence of H2 gas with 
different concentrations is shown in Figure 6.29a. A plot of the voltage shift and change in barrier 
height with respect to different concentrations of H2 gas is shown in Figure 6.29b. At 380°C and a 
1 mA reverse bias current, the voltage shift of 0.05, 0.10, 0.15, 0.21, 0.30 V was measured 
corresponding to 0.06, 0.125, 0.25, 0.5 and 1% H2 gas. The change in Schottky barrier height of 2.4, 
5.9, 9.7, 17.1 and 29.2 meV were calculated for the same concentrations of H2 gas, respectively. 
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Figure 6.28. (a) I-V characteristics of the Pt/ZnO nanorods/SiC Schottky diodes in the presence of synthetic air 
and 1% H2 from 25 to 430°C and (b) A plot of voltage shift towards 1% H2 with respect to temperature at 
different reverse bias currents. 
 
Figure 6.29. (a) Reverse I-V characteristics of the Pt/ZnO nanorods/SiC Schottky diodes at 380°C in the 
presence of synthetic air and H2 gas with different concentrations and (b) A plot of voltage shift and barrier 
height change in the presence of H2 with different concentrations at 380°C and a −1 mA bias current. 
The characterisation of the electrical properties of the three Pt/ZnO nanostructured/SiC diodes with 
respect to synthetic air and H2 gas were discussed in this section. Table 6.2 shows a summary of the 
results. 
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Table 6.2 Summary of the electrical characteristics of the Pt/ZnO nanostructures/SiC diodes in the presence of 
synthetic air and H2 gas with 1% concentration. 
Nanostructured diode 
Enhancement factor Optimal 
temperature 
(°C) 
Bias 
current 
(µA) 
Change with respect to H2 with 1% 
concentration in
 
synthetic
 
air 
β γa Barrier height (meV) 
Voltage shift 
(mV) 
Pt/ZnO 
nanostructures/SiC 800 810 620 −1 39.6 180 
Pt/ZnO 
nanograins/SiC 1050 10 180 −1000 9.2 320 
Pt/ZnO nanorods/SiC 940 28 380 −1000 29.2 300 
 
 
Of the three nanostructured diodes studied, the Pt/ZnO nanoplatelets-nanowires/SiC Schottky diode 
exhibited the largest theoretical enhancement factor. A considerable difference was observed between 
the value of the theoretical enhancement factor extracted from the curve fitting of the I-V 
characteristics from the Pt/ZnO nanorods/SiC and Pt/ZnO nanograins/SiC and the enhancement 
factors calculated from their field emission measurements. The difference was shown to be due to the 
ZnO surface morphology being more like nanorods rather than sharp ended morphologies (such as 
nanoplatelets or nanowires). The enhancement factor was also directly calculated from the geometry 
of the nanorods, which verified the value of the factor from the curve fitting. 
The optimal temperature of the Pt/ZnO nanostructured/SiC diodes differed significantly from each 
other, which is attributed to the different deposition techniques used. The characterisations 
(Chapter 5) also showed major differences of the morphologies and the crystallographic structures of 
the deposited ZnO nanostructures. Therefore, a direct comparison of the voltage shift and barrier 
height is difficult as the optimal temperatures differed significantly. 
 
  
Chapter 6 Static Performance of Hydrogen Sensors based on Nanostructured Schottky Diodes 149 
6.4 Summary 
In this chapter, the electrical characteristics measured from the Pt/MoO3 nanostructured/SiC and 
Pt/ZnO nanostructured/SiC Schottky diodes were examined in detail. The I-V characteristics of each 
nanostructured diode were measured at 25°C and the rectifying and breakdown voltages were 
measured directly, while the Schottky barrier heights were calculated using the extrapolation method. 
The author plotted Equation (3.19) and curve fitted it to the I-V characteristics to calculate a 
theoretical enhancement factor γa. These theoretical factors of nanostructured Schottky diodes based 
on MoO3 and ZnO were presented in Table 6.1 and 6.2, respectively. Subsequently, the field emission 
measurements were presented for the same MoO3 and ZnO nanostructured diodes at 25°C and their 
field enhancement factors β were calculated using the Fowler-Nordheim equation. These 
enhancement factors were compared and correlated to determine their validity and accuracy. 
The author showed that a theoretical enhancement factor can be extracted from the nanostructured 
Schottky diode I-V characteristics, rather than the field emission measurements, which can be 
advantageous and facile. Also, field emission measurements are generally dependent upon the 
distance at which the emission is measured. High magnitudes of voltage (in the order of kilovolts) are 
applied during the experiment and the process must also be performed under very low atmospheric 
pressures, which require expensive equipment. As a result, these conditions causes deterioration of the 
specimen morphology during the measurement and results in poor electrical stability. The foreshown 
results indicate that the curve fittings are a good approximation of the field enhancement factor. 
Several important observations into the similarities and differences for the electrical properties 
exhibited by the nanostructured diodes are discussed below: 
• The diodes based on Pt/MoO3 nanoplatelets, nanoplatelets-nanowires and nanostructures/SiC 
exhibited similar rectifying and breakdown voltages, which can be attributed to the dimensions of 
their morphologies. The Pt/MoO3 nanoflowers/SiC diode differed significantly as its 
morphological dimensions were far smaller than the others as shown in Chapter 5. As the MoO3 
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nanostructures were all deposited by thermal evaporation and were similarly orthorhombic, it is 
unlikely that the crystallographic structure contributes to the difference in their electrical 
characteristics. 
• The electrical properties of the four Pt/MoO3 nanostructured/SiC diodes were examined using the 
curve fitting of Equation (3.19) to their measured I-V characteristics and a theoretical 
enhancement factor was obtained for each type of diode. For diodes based on MoO3 nanoplatelets, 
nanoplatelets-nanowires, randomly orientated nanoplatelets and nanoflowers a theoretical 
enhancement factor γa was calculated as 1000, 720, 880 and 760, respectively. These values were 
associated to their surface morphology as they were composed mainly of nanoplatelets, which 
were deposited by the same technique, but with different deposition parameters. To verify the 
magnitude of these values, field emission measurements were performed on the diodes so that a 
field enhancement factor β could be obtained. It was found that the enhancement factors 
correlated closely and showed that the curve fitting method is a valid to determine a value of the 
enhancement factor. 
• The I-V characteristics measured from the three Pt/ZnO nanostructured/SiC diodes were far more 
diverse than the four Pt/MoO3 nanostructured/SiC diodes. This could be simply explained by the 
difference in the deposition techniques used to deposit each of the ZnO nanostructures. The 
results were expected to differ significantly from the Pt/MoO3 nanostructured based Schottky 
diodes as they are based on entirely different morphologies. 
• The Pt/ZnO nanograins/SiC and Pt/ZnO nanorods/SiC diodes exhibited similar enhancement 
factors, which are far smaller than any other nanostructured morphology previously studied. The 
magnitudes of rectifying and breakdown voltage were also measured to be far smaller and can be 
attributed to their nanorod like morphology as compared to the nanostructured morphologies with 
very sharp edges and corners deposited by thermal evaporation. 
• The theoretical enhancement factors calculated from curve fittings (γa) of the ZnO nanograins and 
ZnO nanorods diodes were the only two that were not consistent with the field enhancement 
factors (β ) calculated from the field emission measurements. These results were explained by the 
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difference in their surface morphologies. The author considered that these diodes with ZnO can be 
resembled by the nanorod model (from Chapter 3) and calculated enhancement factors of 10 and 
28 directly from their geometries, respectively. These factors correlated closely with the 
theoretical factors from the curve fittings. 
Concluding this chapter, the author has presented a comprehensive investigation of the electric 
properties and static hydrogen gas sensing performance of the developed MoO3 and ZnO 
nanostructured Schottky diodes. In the next chapter, the dynamic performance of the developed 
nanostructured Schottky diodes will be examined. The dynamic response of the sensors as they are 
exposed to H2 gas with different concentrations will be shown and evaluated. 
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 Chapter 7 
Dynamic Performance of Hydrogen 
Sensors based on Nanostructured 
Schottky Diodes 
7.1 Introduction 
In the previous chapter, the electrical characteristics of the developed hydrogen sensors based on 
Pt/MoO3 nanostructured/SiC and Pt/ZnO nanostructured/SiC Schottky diodes were discussed. The I-V 
characteristics of these diodes were measured in the presence of synthetic air and hydrogen (H2) gas 
with different concentrations. As a result of these measurements, the optimum operational 
temperatures were evaluated and calculations were performed to determine the change in barrier 
height. 
In this chapter, the dynamic performance of the sensors based on MoO3 and ZnO nanostructured 
Schottky diodes analysed. As the sensors were exposed to hydrogen gas of different concentrations at 
elevated temperatures, their response and recovery times were measured. The results from each type 
of sensor are presented in their respective subsections. These analyses will complete the investigation 
on the MoO3 and ZnO nanostructured Schottky diode based sensors in this thesis. 
Chapter 7 Dynamic Performance of Hydrogen Sensors based on Nanostructured Schottky Diodes 155 
7.2 Experimental Results 
In this section, the dynamic performance of each developed sensor is presented and discussed. The 
sensors were firstly heated and were biased at a constant reverse current. Subsequently, the dynamic 
response was measured from the sensors as they were exposed to hydrogen gas of different 
concentrations for 5 min. A sufficient recovery time (depending on the sensor and hydrogen 
concentration) was allowed for the voltage to return to its baseline. The results of the measurements 
for each sensor is presented below in their respective subsections. 
7.2.1  Pt/Nanostructured MoO3/SiC Schottky Diode Based Sensors 
7.2.1.1 Pt/MoO3 Nanoplatelets/SiC Schottky Diode Based Sensors 
In this subsection, the dynamic response of the sensors based on MoO3 nanoplatelets were measured 
in the presence of H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air under a 
constant bias current of −100 µA, at 140°C and 170°C is shown in Figure 7.1a and 7.1b, respectively. 
The magnitude of the dynamic response in the presence of hydrogen gas were 0.65, 0.61, 0.73, 0.94, 
1.49 V and 0.29, 0.49, 0.71, 0.94, 1.38 V in the abovementioned concentrations and temperatures, 
respectively. As the sensors were exposed to H2 gas with these concentrations for 5 min, the  response 
times τres90% were measured as 30, 15, 9, 33, 48 secs and 48, 60, 45, 36, 33 secs at 140°C and 170°C, 
respectively. The corresponding recovery times τrec90% at the same two temperatures were 273, 285, 
252, 261, 468 secs and 240, 216, 168, 171, 285 secs, respectively. A plot of the response and recovery 
times with respect to the different concentrations of H2 gas at 140°C and 170°C are shown in 
Figure 7.2. From the results, the magnitude of the dynamic response at 140°C was larger than those at 
170°C. The responses to H2 at the aforementioned concentrations at 170°C all achieved steady state. 
The responses at 140°C, however was unable to reach steady state with an exposure time of 5 min 
until exposure to H2 with 1% concentration. 
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Figure 7.1. The dynamic response of the Pt/MoO3 nanoplatelets/SiC based sensors in the presence of H2 gas 
with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at (a) 140°C and (b) 170°C. 
 
Figure 7.2. Plot of the response and recovery times for the Pt/MoO3 nanoplatelets/SiC based sensors verses 
different concentrations of H2 gas at 140°C and 170°C. 
 
Analysis of Figure 7.2 shows an increase in response and recovery time with increasing H2 
concentration. It can be attributed to the larger number of hydrogen molecules present, which require 
a longer duration for the MoO3 nanoplatelets to adsorb them. At 140°C, the average response (with 
respect to H2) was longer as compared to the response at 170°C. This can be explained by a higher 
mobility of the carriers at 170°C as compared to 140°C and therefore a shorter time is required for the 
hydrogen atoms to adsorb and desorb from the surface. As a result, the time required for the charge 
and discharge at the interface traps in the Pt/MoO3 interface also decreases at higher temperatures. 
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7.2.1.2  Pt/MoO3 Nanoplatelets-Nanowires/SiC Schottky Diode Based Sensors 
The dynamic response of the sensors based on MoO3 nanoplatelets-nanowires are presented in this 
subsection. The sensors were exposed to H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% 
in synthetic air using a constant bias current of −100 µA at 170°C and 250°C. The responses are 
shown in Figure 7.3a and 7.3b, respectively. The magnitude of the dynamic response in the presence 
of H2 gas with the aforementioned concentrations were 0.15, 0.27, 0.48, 0.79, 1.10 V and 0.15, 0.23, 
0.38, 0.57, 0.77 V at 170°C and 250°C, respectively. Exposure to H2 gas for 5 min with the same 
concentrations and temperatures, the response times were measured as 246, 218, 168, 135, 84 secs 
and 165, 165, 123, 93, 72 secs, respectively at 170°C and 250°C. The corresponding recovery times 
were 555, 568, 573, 588, 474 secs and 483, 511, 555, 558, 675 secs, respectively. Figure 7.4 shows 
the plot of the response and recovery times of the MoO3 nanoplatelets-nanowires based sensors with 
respect to the different concentrations of H2 gas at 170°C and 250°C. 
 
Figure 7.3. The dynamic response for the Pt/MoO3 nanoplatelets-nanowires/SiC based sensors in the presence 
of H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at (a) 170°C and  
(b) 250°C. 
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Figure 7.4. Plot of the response and recovery times for the Pt/MoO3 nanoplatelets-nanowires/SiC based sensors 
verses different concentrations of H2 gas at 170°C and 250°C. 
 
It was observed that the response times (at both 170°C and 250°C operating temperature) decreased 
with respect to increasing H2 concentration. As carriers have a higher mobility at 250°C as compared 
to 170°C, and therefore a shorter time is required for the hydrogen atoms to adsorb and desorb onto 
the surface of the MoO3 nanoplatelets and nanowires. The recovery times at these two temperatures 
both followed an increasing trend with increasing H2 concentration. As a higher concentration of H2 is 
present, a larger number of molecules requires a longer duration for them to desorb from the MoO3 
nanoplatelets and nanowires. 
7.2.1.3  Pt/MoO3 Randomly Orientated Nanoplatelets/SiC Schottky Diode Based   
  Sensors 
The dynamic response from the Pt/MoO3 randomly orientated nanoplatelets/SiC sensors were 
examined towards H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air. The 
sensors were operated under a constant bias current of −100 µA and the dynamic response from these 
sensors at temperatures of 170°C and 250°C are shown in Figure 7.5a and 7.5b, respectively. As these 
sensors were exposed to hydrogen gas with the aforementioned concentrations, the magnitude of the 
dynamic response was measured as 0.31, 0.50, 0.80, 1.12, 2.69 V and 0.09, 0.10, 0.14, 0.18, 0.20 V at 
170°C and 250°C, respectively. The stark contrast in the magnitudes of the dynamic response (at 
0.00 0.25 0.50 0.75 1.00
50
100
150
200
250
300
Using a -100 µA bias
 250oC
 170oC
H2 Concentration (% in Air)
R
es
po
n
se
 
tim
e 
(se
cs
)
450
500
550
600
650
700
750
 250oC
 170oC R
eco
v
ery
 tim
e
 (secs)
Chapter 7 Dynamic Performance of Hydrogen Sensors based on Nanostructured Schottky Diodes 159 
these two temperatures) is attributed to the carriers that acquire more thermal energy (at 250°C) and 
are elevated to a higher state where they can flow over the barrier via pure thermionic emission. These 
carriers overshadow the hydrogen spillover effect, which explains why a dynamic response with a low 
magnitude was observed at 250°C. 
The response times with respect to H2 gas with these concentrations, were 195, 171, 126, 90, 111 secs 
and 142, 102, 90, 54, 64 secs at the same two temperatures, respectively. The corresponding recovery 
times were 515, 551, 507, 561, 465 secs and 690, 852, 966, 895, 936 secs. A plot of the response and 
recovery times with respect to the different concentrations of H2 gas is shown in Figure 7.6. The 
response and recovery times of the sensors are similar to the previous sensors based on 
MoO3/nanoplatelets-nanowires due to similarities in the nanostructured morphology. 
  
Figure 7.5. The dynamic response for the Pt/MoO3 randomly orientated nanoplatelets/SiC based sensors in the 
presence of H2 gas with 0.06, 0.125, 0.25, 0.5 and 1% concentration in synthetic air for 5 min at (a) 170°C and 
(b) 250°C. 
 
For this sensor, the measured dynamic response can be attributed to the presence of many different 
sized MoO3 nanoplatelets. The Pt/MoO3 randomly orientated nanoplatelets/SiC based sensor 
exhibited a response time, which decreased with increasing H2 concentration at both 170°C and 250°C 
as similar to the previous sensors based on MoO3 nanoplatelets-nanowires. The recovery at 250°C is 
much longer than at 170°C and can be explained in relation to the change in the electrical properties 
measured. 
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By exposing to hydrogen gas, H2 molecules are dissociated at the Pt surface and many H atoms 
diffuse through and cause dipole charges to exist at Pt/MoO3 interface, which is measured as a change 
in voltage from the sensor. A larger magnitude of dynamic response was measured at 170°C as 
compared to 250°C, which means that the sensor will rapidly recover from a larger change and return 
to steady state faster than at a temperature of 250°C. Although the mobility of carriers is higher at 
250°C, there is only a small change, which means that the sensors will require a longer duration to 
gradually recover to steady state. 
 
Figure 7.6. Plot of the response and recovery times for the Pt/MoO3 randomly orientated nanoplatelets/SiC 
based sensors verses different concentrations of H2 gas at 170°C and 250°C. 
7.2.1.4  Pt/MoO3 Nanoflowers/SiC Schottky Diode Based Sensors 
The dynamic response of the sensors based on Pt/MoO3 nanoflowers/SiC were measured under a 
constant bias current of −10 µA in the presence of H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 
and 1% in synthetic air. Figures 7.7a
 
and 7.7b show the dynamic response of the sensors at 
temperatures of 170°C and 250°C, respectively. The magnitude of the dynamic response were 
measured were 0.40, 0.71, 1.19, 1.81, 3.26 V and 0.70, 1.03, 1.93, 4.05, 5.39 V, in the presence of H2 
with
 
the
 
aforementioned concentrations and temperatures, respectively. These magnitudes were 
considerably larger than any of those measured from the sensors previously examined. As the sensors 
based on MoO3 nanoflowers were exposed to H2 gas with the aforementioned concentrations for 
5 min, the response times were measured as 237, 237, 231, 252, 258 secs and 192, 171, 180, 174, 
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102 secs at 170°C and 250°C, respectively. The corresponding recovery times were 705, 1080, 1098, 
2217, 2937 secs and 501, 942, 771, 939, 1116 secs at the two temperatures, respectively. The plot of 
the response and recovery times verses the different concentrations of H2 gas at these temperatures are 
shown in Figure 7.8. 
 
Figure 7.7. The dynamic response of the Pt/MoO3 nanoflowers/SiC based sensors in the presence of H2 gas with 
concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at (a) 170°C and (b) 250°C. 
 
Figure 7.8. Plot of the response and recovery times for the Pt/MoO3 nanoflowers/SiC based sensors verses 
different concentrations of H2 gas at 170°C and 250°C. 
 
The response of the Pt/MoO3 nanoflowers/SiC sensor decreases with respect to increasing H2 
concentration, however the recovery time increases considerably with respect to increasing H2 
concentration. The results show that the sensitive layer allows hydrogen atoms to be adsorbed 
quickly, however desorption of hydrogen requires a significantly longer duration for the sensor to 
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return to steady state. These observations can be explained by the surface morphology of the 
nanoflowers as is explained below. 
A nanoflower is constructed from many nanoplatelets as was shown in the SEM of Figure 5.5. The 
dimensions of these nanoplatelets are relatively small (with lengths and widths between 500 nm to 
1µm and thicknesses of 50 nm) as compared to the other nanostructured morphologies examined. As 
H atoms adsorb onto a surface of these MoO3 nanoplatelets, the dipole charge that accumulates at the 
Pt/MoO3 interface is formed (due to the small size of the nanoplatelets) and causes a change in the 
electric properties of the nanoplatelets. The electric fields at the corners of the nanoflowers are 
immensely amplified, which causes such a large magnitude of dynamic response. 
Furthermore, the dimensions of the nanoplatelets in these sensors are far smaller than those presented 
in Section 7.2.1.1. By creating nanoplatelets in the nanometre dimensions, the overall volume that 
these platelets occupy far exceeds that of nanoplatelets that are formed with micrometre dimensions. 
Therefore, with smaller nanoplatelets, the nanostructured film is denser as illustrated in Figure 7.9. As 
a result, significant interface traps exist and allow greater sensitivity to be achieved in Pt/MoO3 
nanoflowers/SiC sensors (as previously shown in Chapter 6). However, longer duration is required for 
these numerous traps to discharge as shown by the response times of the sensors. 
  
Figure 7.9. Illustration of nanoplatelets in micrometre and nanometre dimensions (not to scale). 
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7.2.2  Pt/Nanostructured ZnO/SiC Schottky Diode Based Sensors 
7.2.2.1 Pt/ZnO Nanoplatelets-Nanowires/SiC Schottky Diode Based Sensors 
The dynamic response of the sensors based on ZnO nanoplatelets-nanowires were examined as they 
exposed to H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1%. The sensors were investigated 
at an operational temperature of 620°C and a constant bias current of −1 µA. The dynamic response of 
the Pt/ZnO nanoplatelets-nanowires/SiC sensors is shown in Figure 7.10. The magnitude of the 
dynamic response exhibited by the sensors as they were exposed to H2 gas with the above 
concentrations were 0.13, 0.18, 0.21, 0.25, 0.32 V, respectively. At 620°C, the measured response 
times were 66, 67, 69, 70 and 72 secs, with respect to the H2 gas concentrations. The corresponding 
recovery times were measured as 195, 159, 228, 204, 348 secs, respectively. 
 
Figure 7.10. The dynamic response of the Pt/ZnO nanoplatelets-nanowires/SiC based sensors in the presence of 
H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at 620°C. 
A plot of the response and recovery times with respect to the different concentrations of H2 gas at 
620°C is shown in Figure 7.11. The response and recovery times increase with respect to increasing 
H2 concentration. At such a high temperature, the mobility of the carriers are higher, which suggests 
why the response and recovery are shorter, as compared to those measured from most of the MoO3 
based sensors. However, these times come with low magnitudes of dynamic response. 
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Figure 7.11. Plot of the response and recovery times for the Pt/ZnO nanoplatelets-nanowires/SiC based sensors 
verses different concentrations of H2 gas at 620°C. 
7.2.2.2  Pt/ZnO Nanograins/SiC Schottky Diode Based Sensors 
The dynamic response of the Pt/ZnO nanograins/SiC based sensors were investigated as they were 
exposed to H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air at 260°C, 
using a constant bias current of −100 µA. The dynamic response is shown in Figure 7.12.  
 
Figure 7.12. The dynamic response of the Pt/ZnO nanograins/SiC based sensors in the presence of H2 gas with 
concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at 260°C. 
At 260°C, the magnitude of the dynamic response exhibited by the sensors as they were exposed to H2 
gas with the aforementioned concentrations were 16.2, 32.0, 61.6, 112.0, 193.19 mV. Subsequently, 
the response times were measured as 231, 219, 111, 96, 87 secs and the corresponding recovery times 
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were 690, 618, 231, 207, 195 secs, respectively. Figure 7.13 shows the plot of the response and 
recovery times with respect to the different concentrations of H2 gas at 260°C. At 260°C, the response 
and recovery time both decrease with respect to increasing H2 concentration. ZnO nanograins 
morphology allows the hydrogen molecules to dissociate at the Pt surface and diffuse into the Pt/ZnO 
interface. The short response and recovery (especially at H2 concentrations above 0.25% in air) 
suggest that nanograins morphology allows the interface traps to be quickly charged and discharged at 
low temperatures. 
 
Figure 7.13. Plot of the response and recovery times for the Pt/ZnO nanograins/SiC based sensors verses 
different concentrations of H2 gas at 260°C. 
7.2.2.3  Pt/ZnO Nanorods/SiC Schottky Diode Based Sensors 
The dynamic response of the sensors based on Pt/ZnO nanorods/SiC were examined as they were 
exposed to H2 gas with concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air. The sensors 
were operated under a constant bias current of −1 mA at temperatures of 330°C and 380°C and the 
dynamic responses are shown in Figure 7.14a and 7.14b, respectively. The sensors exhibited dynamic 
response magnitudes of 0.14, 0.25, 0.35, 0.51, 0.63 V and 0.005, 0.012, 0.021, 0.037, 0.063 V as they 
were exposed to H2 with the same concentrations at 330°C and 380°C, respectively. With exposure to 
H2 with the concentrations as mentioned above for 5 min, the response times were measured as 114, 
75, 63, 63, 57 secs and 162, 135, 135, 105, 84 secs at 330°C and 380°C, respectively. The 
corresponding recovery times were 102, 114, 146, 156, 179 secs and 112, 126, 146, 168, 193 secs at 
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330°C and 380°C, respectively. The plot of the response and recovery times with respect to different 
concentrations of H2 gas at these two temperatures are shown in Figure 7.15. 
 
Figure 7.14. The dynamic response for the Pt/ZnO nanorods/SiC based sensors in the presence of H2 gas with 
concentrations of 0.06, 0.125, 0.25, 0.5 and 1% in synthetic air for 5 min at (a) 330°C and (b) 380°C. 
 
Figure 7.15 Plot of the response and recovery times for the Pt/ZnO nanorods/SiC based sensors verses different 
concentrations of H2 gas at 330°C and 380°C. 
The ZnO nanorod based sensors exhibited a response time, which decreases with respect to increasing 
H2 gas concentration. These sensors at 380°C, required a longer response and recovery than at 330°C, 
which is attributed to the significantly larger dynamic response magnitudes measured at 330°C as 
compared to 380°C. Therefore, sensors that rapidly recover from a larger dynamic response and return 
to steady state faster than at a higher temperature of 380°C as similarly discussed for sensors based on 
Pt/MoO3 randomly orientated platelets/SiC. 
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7.3 Summary 
In this chapter, the author presented the dynamic sensing performance of hydrogen sensors based on 
MoO3 and ZnO nanostructured Schottky diodes. Each sensor was operated under a selected reverse 
bias current and optimal temperature. The magnitude of the dynamic response was examined as the 
sensors were exposed to H2 gas with different concentrations (0.06%, 0.125%, 0.25%, 0.5% and 1% 
in synthetic air) for 5 min. The response and recovery times were also examined. A summary of the 
results are presented in Table 7.1. 
Table 7.1 Dynamic performance of the developed nanostructured Schottky diodes. 
Nanostructured diode 
Operating 
temperature 
(°C) 
Sensing performance towards H2 with 1% concentration  
Magnitude of dynamic 
response (V) 
Response time 
(secs) 
Recovery time 
(secs) 
MoO3 nanoplatelets 
140 
170 
1.49 (at −100 µA)  
1.38 (at −100µA) 
48 
33 
468 
285 
MoO3 nanoplatelets-
nanowires 
170 
250 
1.10 (at −100 µA) 
0.77 (at −100 µA) 
84 
72 
474 
675 
MoO3 randomly 
orientated nanoplatelets 
170 
250 
2.69 (at −100 µA) 
0.20 (at −100 µA) 
111 
64 
465 
936 
MoO3 nanoflowers 
170 
250 
3.26 (at −10 µA) 
5.39 (at −10 µA) 
258 
102 
2937 
1116 
ZnO nanoplatelets-
nanowires 620 0.32 (at −1 µA) 72 348 
ZnO nanograins 260 0.19 (−1 mA) 87 195 
ZnO nanorods 330 380 
0.63 (−1 mA) 
0.20 (−1 mA) 
57 
84 
179 
193 
 
The author highlights several conclusions from these results, which are discussed below. 
Sensors based on MoO3 nanostructures 
• In this research, sensors based on Pt/MoO3 nanoflowers/SiC were examined and they exhibited 
large magnitudes of dynamic response of 5.39 and 3.26 V with respect to H2 with 1% 
concentration using a −10 µA bias current at 170 and 250°C, respectively. The sensors exhibited 
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slow response of 258 and 102 secs with respect to the exposure towards H2 with 1% concentration 
for 5 min at 170 and 250°C, respectively. The corresponding recovery times were 2937 and 
1116 secs at the same two temperatures. This sensor exhibited the largest response as compared to 
the other sensors examined. Such sensitivities comes with a slow response and recovery, which is 
attributed to the dimensions and density of the nanoplatelets (500 nm widths and lengths, 50 nm 
thicknesses) which make up the morphology of the nanoflowers. 
• The Pt/MoO3 nanoplatelets/SiC based sensors were also investigated. The magnitude of the 
dynamic response was 1.49 and 1.38 V as the sensors were exposed to H2 with 1% concentration 
at 140 and 170°C, respectively. These sensors were operated under −100 µA constant reverse bias 
current. The corresponding response times were 48 and 33 secs and the recovery times were 468 
and 285 secs at these temperatures, respectively. The results indicated a faster response and were 
ascribed to the dimensions of the nanoplatelets (widths and lengths from 100 nm to several µm, 
thicknesses from 50 to 500 nm) which provide a large surface area for interaction to hydrogen gas 
molecules. These sensors are a useful counterpart to the ones based on Pt/MoO3 nanoflowers/SiC 
by providing a faster response. 
• The dynamic performance of Pt/MoO3 nanoplatelets-nanowires/SiC based sensors were studied at 
170°C and a reverse bias current of 100 µA. These sensors exhibited a dynamic response with a 
magnitude that was smaller than those obtained from the sensors based on MoO3 nanoplatelets (at 
the same reverse bias current). The MoO3 nanoplatelets-nanowires based sensors also showed 
longer response and recovery. 
• The Pt/MoO3 randomly orientated nanoplatelets/SiC based sensors examined, exhibited a 
dynamic response with a magnitude of 2.64 and 0.20 V towards H2 gas with 1% concentration at 
170 and 250°C, respectively. The stark  contrast in the magnitudes is due to the transfer of carriers 
with higher thermal energy (at 250°C) that overshadows the hydrogen spillover effect and 
therefore a significantly smaller dynamic response was seen at 250°C. 
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Sensors based on ZnO nanostructures 
• The investigation of the sensors based on Pt/ZnO nanoplatelets-nanowires/SiC showed response 
and recovery times of 72 and 348 secs as they were exposed to H2 with 1% concentration for 5 
min. These results are attributed to the surface morphology and the high mobility of the carriers at 
a temperature of 620°C. However, the magnitude of the dynamic response exhibited by the 
sensors was 0.32 V at a −1 µA bias current, which indicates that the sensor exhibited a low 
response  towards H2 gas with 1% concentration. 
• The Pt/ZnO nanograins/SiC based sensors were studied at a low temperature of 260°C and 
exhibited a dynamic response with a magnitude of 0.19 V at −1 mA bias current. The sensor 
exhibited a low response towards H2 however response and recovery times of 87 and 195 secs 
were recorded, which indicated that these sensors exhibited fast responses as compared to the 
others examined in this PhD thesis. 
• The author investigated Pt/ZnO nanorods/SiC based sensors at 330 and 380°C. They exhibited a 
dynamic response with magnitudes of 0.63 and 0.20 V (at a bias current of −1 mA), respectively. 
The sensor also showed a short response and recovery of 57, 84 secs and 179, 193 secs at the two 
aforementioned temperatures. 
In this chapter, the author showed that the dynamic performance of the sensors operating in the range 
of 170 to 250°C with the largest magnitude of dynamic response are based on 
Pt/MoO3 nanoplatelets/SiC and Pt/MoO3 nanoflowers/SiC. The results conclude that the sensors based 
on Pt/MoO3 nanoflowers/SiC are suitable to sensing applications requiring high sensitivity for 
example, in a large hydrogen storage cell. However, the slow response and recovery of this type of 
sensor indicates that they are unsuited for applications that require rapid measurements. For 
applications that employ rapidly varying concentrations of hydrogen such as in exhaust outputs for 
industrial processes operating in the range of 170 to 250°C, the sensors based on 
Pt/MoO3 nanoplatelets/SiC are the most suitable in the author's opinion. 
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However, as MoO3 is relatively volatile, at operating temperatures over 300°C, the nanostructures are 
known to degrade and it is possible that their crystallographic structure can change from an 
orthorhombic to amorphous structure and therefore sensors based on MoO3 are considered by the 
author as unsuited for high temperature operation. Instead, the sensors based on Pt/ZnO nanoplatelets-
nanowires/SiC are considered more suitable for operation at high temperatures from 400 up to 620°C 
and will be applicable in industrial process such as gas or vapour turbines. The sensors based on 
Pt/ZnO nanorods/SiC studied in this thesis showed a fast response towards hydrogen gas, however for 
optimum operation, they are only suited to operate at temperatures between ~300 to ~400°C. The 
sensors based on ZnO nanorods and ZnO nanograins examined in this research can operate with a fast 
response and recovery towards hydrogen; however they also come with low magnitudes of dynamic 
response. 
Investigation of the dynamic hydrogen sensing performance of the sensors examined in this chapter 
completes the study of the MoO3 and ZnO nanostructured Schottky diode based sensors. The next 
chapter will present the conclusions and final remarks of the work presented in this thesis. 
 Chapter 8 
Conclusions and Future Work 
The final chapter of this PhD thesis concludes the research results presented by the author. Each of the 
objectives set out in Chapter 1 have been fulfilled as discussed in the following sections of this 
chapter. A summary of the outcomes and the author's suggestions for possible future work is also 
discussed. 
8.1  Summary of the Outcomes 
Throughout the author's PhD candidature, he published a total of 23 papers in high impact factored 
scientific journals (such as Journal of Applied Physics, Applied Physics Letters, Journal of Physical 
Chemistry, Sensors and Actuators and Journal of Nanotechnology) and peer reviewed papers at 
proceedings of international conferences (such as Eurosensors and IEEE Sensors). A list of the 
author's publications is shown in Appendix B. The main findings of the research presented in this 
thesis is summarised below: 
• For the first time, the author derived equations that describe the enhancement of electric fields in 
metal oxides with nanorod and nanoplatelet morphologies. The author linked the theoretical 
equations to the experimental results through the use of an enhancement factor. This correlation 
was examined by curve fitting the data to a modified equations describing the I-V characteristics 
of a reverse bias diode. 
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• The author investigated novel molybdenum oxide (MoO3) and zinc oxide (ZnO) nanostructured 
films as they were deposited on SiC substrates. Their surface morphology, crystallographic 
structure and stoichiometric composition were characterised. Four types of MoO3 nanostructured 
morphologies (nanoplatelets, nanoplatelets-nanowires, randomly orientated nanoplatelets and 
nanoflowers) and three types of ZnO nanostructured morphologies (nanoplatelets-nanowires, 
nanograins and nanorods) were employed to form the nanostructured Schottky diode based 
sensors for this PhD research. 
• The I-V characteristics of the developed nanostructured MoO3 and ZnO Schottky diodes were 
measured at room temperature. For each diode, a theoretical enhancement factor γa was calculated 
by curve fitting the equations of the modified reverse bias diode to the measured reverse I-V 
characteristics.  
• The field emission (J-E) characteristics of the nanostructured MoO3 and ZnO Schottky diodes 
were measured at room temperature. Subsequently, a field enhancement factor β was calculated 
from the field emission measurements on each nanostructured diode using the Fowler-Nordheim 
equation. The author demonstrated that the theoretical and experimental enhancement factors are 
in close correlation with each other. 
• The change in I-V characteristics of the developed nanostructured Schottky diodes were measured 
in the presence and absence of hydrogen gas (balanced in a synthetic air) at different temperatures 
up to 620°C. The optimum operating temperature was determined by the largest voltage shift 
(under a constant reverse current) upon exposure to 1% hydrogen gas. Subsequently, the voltage 
shift and change in barrier height of the diodes in reverse bias were investigated as a function of 
hydrogen gas concentration (0.06% to 1% in synthetic air).  
• The dynamic performance of the nanostructured Schottky diodes were investigated at their 
optimum operating temperatures. The dynamic response of the sensors were measured as they 
were exposed to hydrogen gas with different concentrations (0.06, 0.125, 0.25, 0.5 and 1%) for 
5 min. The response and recovery times were examined. 
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8.1.1 Pt / MoO3 Nanostructured / SiC Schottky Diode Based Hydrogen 
  Sensors 
The deposition of nanostructured MoO3 films on SiC substrates were performed using a thermal 
evaporation technique. Many different types of morphologies were observed and characterised. These 
morphologies includes atomically sharp edges and corners, which contribute immensely to increase 
the output signal (the change of voltage at a constant reverse bias current) of the sensors. 
The I-V characteristics of the MoO3 nanostructured Schottky diode based sensors were measured in 
the presence and absence of 1% hydrogen gas at room temperature up to 360°C. The I-V 
characteristics of all of the four Pt / MoO3 nanostructured / SiC Schottky diodes (at room temperature) 
exhibited a much lower breakdown voltage than compared to Pt / SiC Schottky diodes. The author 
attributed this observation to the enhanced localised electric fields (at the sharp edges and corners of 
the nanostructured morphology). These enhanced electric fields respectively lower the reverse 
Schottky barrier height at the interface between the Pt and MoO3 to allow a greater flow of carriers. 
To describe the extent of the electric field enhancement, a field enhancement factor β was extracted 
from the field emission measurements and subsequently, a theoretical enhancement factor γa was 
calculated by a curve fitting method. 
At room temperature, the field enhancement factors β of the diodes based on MoO3 nanoplatelets, 
nanoplatelets-nanowires, randomly orientated nanoplatelets and nanoflowers were calculated as 970, 
590, 750 and 630, respectively. The theoretical enhancement factor γa for each MoO3 nanostructured 
diode were 1000, 720, 880 and 760, which correspond to the four diodes as aforementioned and these 
values can be associated to the sensitivity of the nanostructured Schottky diode based sensor. 
The author determined that the Pt / MoO3 nanoflowers / SiC sensor exhibited the largest voltage shift 
of 3.09 V upon exposure to 1% hydrogen gas at an optimum temperature of 170°C at a constant 
reverse bias current of 1 µA (as compared to the other nanostructured diode sensors based on MoO3). 
However, this sensor exhibited long response and recovery of 258 and 2937 secs, respectively. The 
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Pt / MoO3 nanoplatelets / SiC based sensor was examined at an optimum temperature of 170°C. The 
sensor exhibited a voltage shift of 1.38 V upon exposure to 1% hydrogen gas. The response and 
recovery time (towards 1% hydrogen gas) was 33 and 285 secs, respectively. The other two types of 
sensors investigated in this thesis based on Pt / MoO3 nanoplatelets-nanowires / SiC and Pt / MoO3 
randomly orientated nanoplatelets / SiC exhibited voltage shifts of 1.13 and 1.39 V towards 1% 
hydrogen gas, respectively. Their responses were also longer than the sensor based on MoO3 
nanoplatelets and can be attributed to the shape, dimensions and density of the surface morphology as 
observed in the SEM micrographs. 
A summary of the electrical properties and gas sensing performance of the developed Pt / MoO3 
nanostructured / SiC diode based sensors were shown in Table 6.1 and in Table 7.1, respectively. 
With these results, the Pt / MoO3 nanoplatelets / SiC based sensor is the author point of view as the 
most promising. 
8.1.2 Pt / ZnO Nanostructured / SiC Schottky Diode Based Hydrogen 
  Sensors 
The deposition of ZnO nanostructured films were performed by evaporation-condensation, pulse laser 
deposition and RF sputtering techniques. Three different types of ZnO diodes with morphologies of 
nanoplatelets-nanowires, nanograins, nanorods were characterised corresponding to the 
aforementioned deposition techniques, respectively. The ZnO nanograins and nanorods were 
examined with hemispherical tips. The author assumed that the enhanced localised electric fields 
originates at the apex (or tip) of these nanograins and nanorods. The conclusions summarising the 
investigation on the developed ZnO sensors are presented below. 
The I-V characteristics of the ZnO nanostructured Schottky diode based sensors were measured at 
temperatures up to 620°C in the presence and absence of hydrogen gas. At room temperature, the 
Pt / ZnO nanoplatelets-nanowires / SiC Schottky diodes exhibited a lower breakdown voltage as 
compared to Pt / SiC Schottky diodes. In contrast, The Pt / ZnO nanograins / SiC and Pt / ZnO 
nanorods / SiC diodes both exhibited breakdowns voltages higher than that of Pt / SiC diodes. These 
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results were associated to the enhancement factors which were calculated by the author. A field 
enhancement factor β  of 800 was determined for the ZnO nanoplatelets-nanowires based diode, while 
the values of 1050 and 940 were obtained for the diodes based on the ZnO nanograins and nanorods, 
respectively. Using the curve fitting method, a theoretical enhancement factor γa of 810, 10 and 28 
were extracted, corresponding to the three aforementioned nanostructured diodes, respectively. The 
discrepancy in the values of β and γa , for the diodes based on nanograins and nanorods, was attributed 
to the hemispherical morphology. As a result, the author also estimated another enhancement factor 
using his proposed theoretical nanorod equations (presented in Chapter 3). The enhancement factors 
of the nanograins and nanorods were estimated as 10 and 28.6. These results, indicate that the curve 
fitting method is viable and a more suitable to estimate of the enhancement factor describing the 
enhanced localised electric fields in morphologies based on ZnO nanograins and nanorods. 
The nanostructured diodes based on ZnO nanoplatelets-nanowires were studied at optimum 
temperature of 620°C, while the diodes based on ZnO nanograins and nanorods morphologies were 
examined at 260 and 380°C, respectively. The sensors based on Pt / ZnO nanoplatelets-
nanowires / SiC exhibited the voltage shift of 0.32 V upon exposure to 1% hydrogen gas under a 
constant reverse bias current of 1 µA. A response and recovery time of 72 and 348 secs were recorded 
for these sensors, respectively. The Pt / ZnO nanograins / SiC based sensor exhibited a voltage shift of 
0.19 V upon exposure to 1% hydrogen gas (at −1 mA bias current) and the response and recovery 
times were 78 and 195 secs, respectively. The author also examined sensors based on Pt / ZnO 
nanorods / SiC which exhibited a voltage shift of 0.20 V towards 1% hydrogen gas (at −1 mA bias 
current), respectively. 
The author concludes that sensors based on ZnO nanoplatelets-nanowires are a useful counterpart to 
sensors based on MoO3 nanostructured morphologies as a similar process was used to fabricate them. 
The results also indicate that ZnO nanostructured Schottky diode based sensors can be applied for 
hydrogen sensing at high temperatures up to 620°C providing good dynamic performance, while for 
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low temperature ranges, diodes based on MoO3 nanostructures are more suitable and offer higher 
sensitivity. 
In the next section, the author will discuss the possible future work on nanostructured metal oxide 
Schottky diode based gas sensors. 
8.2 Future Work on Nanostructured Metal Oxide Schottky 
 Diode Based Gas Sensors 
In this section, the author will highlight the possible future work and recommendations to researchers 
in similar fields, whom may seek to follow similar investigations. 
The research presented herein has examined and investigated enhancement of electric field in metal-
nanostructured semiconducting metal oxide diodes. The results conclude that the enhancement in the 
sensitivity of the nanostructured sensors was caused by the enhanced localised electric fields. 
Although the author has used this concept in this PhD thesis, the causes for this enhancement of 
electric field has still yet to be fully understood, especially in the quantum physics domain. The 
aspects in this domain that are responsible for the enhanced electric fields may yet provide the 
information required for the development of sensors with even higher sensitivities than those 
presented in this thesis. 
It is quite likely that there are numerous enhanced catalytic effects arising from the nanostructured 
materials that are also contributing to the devices performance. It would be more conclusive in future 
studies, if the electrical and catalytic properties of the nanostructured materials are investigated 
separately and in addition to their use in the Schottky devices in order to form more convincing results 
towards sensors based on specific nanomaterials. 
Nanostructured Schottky diodes that were fabricated in this thesis were based on MoO3 and ZnO 
materials. The author concludes that many other metal oxides, if deposited with a desirable 
morphology, can be strongly viable for hydrogen sensing applications. Nanostructured forms of  
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high-κ dielectrics and multi-layer metal oxides (or compounds), for instance MoO3-ZnO or MoO3-
WO3, can also be implemented as gas sensitive layers in future Schottky diode based sensors.  
An investigation on the thicknesses of the deposited nanostructured metal oxides will also be of 
significant interest, as the thickness of the gas sensitive layer affect the sensitivity and the response 
and recovery time of the sensor. By using a other techniques such as spin coating, anodisation or 
hydrothermal deposition, can allow more control of the nanostructured layer thickness. This work will 
be of significant value in future studies. 
The optimisation of the bias current (or bias voltage) nanostructured Schottky diodes can also be 
considered in future work if they are aimed to be applied for widespread use. Issues such as long term 
stability and reliability are also important as they will assist in providing a better insight into how 
durable these sensors are for many different applications. With the continuing demand for higher 
performance sensors in harsher environments, the development of these devices will require further 
investigation and research. 
8.3 Publications and Other Achievements 
The author published a number of scientific papers in a wide range of peer reviewed, high impact 
scientific and engineering journals (refer to Appendix B) covering many multidisciplinary areas 
including gas sensing, materials science and fabrication of nanostructured semiconductor materials. In 
addition, the author's research has been presented and published in the proceedings of many key 
international and Australian conferences as listed in Appendix B. 
In addition to the requirements of this PhD thesis, the author was a recipient of an Endeavour Award 
Research Fellowship to study in China at the University of Nanjing and the Shanghai Institute of 
Ceramics, Chinese Academy of Sciences (SICCA) over a period of six months in his final year of his 
candidature. The author was also invited as a Research Fellow to the University of Hong Kong for a 
period of three months, where he investigated high-κ dielectric materials for sensing applications. 
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During these two visits, many novel nanostructured materials and sensors were developed and the 
outcomes of the investigations were published. 
The author also participated in many conferences throughout his candidature. He received a travel 
grant from RMIT University to present his work at the Eurosensors XXIV conference in Lausanne, 
Switzerland on 6 September 2009 and also attended the IEEE International NanoElectronics 
conference in Hong Kong on 3 Jan 2010. 
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Appendix A 
Silicon Carbide Wafer Specifications 
N-type 6H-SiC conducting wafers used in this PhD research were purchased from different 
companies: Cree Inc. (USA), Tankeblue Semiconductor Co. Ltd. (China) and Sterling Semiconductor 
(USA). Their properties are summarized in Table A.1. 
Table A.1. Properties of SiC wafers purchased from different companies.  
 
Properties Cree Inc. Tankeblue Semiconductor Sterling Semiconductor 
Diameter 50.8 ± 0.38 mm 50.8 ± 0.38 mm 50.8 ± 0.4 mm 
Thickness 254 µm ± 10% 254 µm ± 10% 254 µm ± 10% 
Resistivity 0.02 - 0.2  Ω.cm 0.03 - 0.12  Ω.cm ≤ 0.1 Ω.cm 
Dopant Nitrogen Nitrogen Nitrogen 
Carrier Concentration 1.2 × 1018 /cm3 1 × 1018 /cm3 1.56 × 1018 /cm3 
Prototype 6H 6H 6H 
Crystal Structure Hexagonal Hexagonal Hexagonal 
Micropipe Density 20-50 per cm2 < 100 per cm2 < 100 per cm2 
Usable area 80-85% ≥ 90% ≥ 85% 
Orientation On axis (0001) Si face polished 
On axis (0001) 
Si face polished 
On axis (0001) 
Si face polished 
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